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In  August  1951  & University  of  Kansas  Research  group  was 
assigned  to  study  the  general  problem  cf  the  launching  and 
landing  of  sorrier  aircraft*  Tbs  wo  A was  done  under  sent  root 
OUR  5$J  (01).  The  purpose  cf  the  study  was  to  obtain  free* 
a we 11- trained  diversified  group  not  too  imbued  with  past  end 
present  S&vy  thinking  end  procedure,  an  independent,  evaluation, 
of  the  problem  and  possible  methods  of  solution*  emphasis 
being  placed  upon  development  to  meet  future  needs  rather 
than  just  to  solve  iressdiate  problems. 

It  vas  left  to  the  group  to  ehocae  those  aspects  of  the 
problem  on  which  to  concent  rate*  As  a result*  certain  aspects 
cf  the  problem  have  been  studied  intensively  while  others 
have  been  considered  only  superficially*  In  analysing 
tb*  problem  and  dividing  it  into  its  several  aspects*  the  group 
asked  two  questions:-  (1)  Is  this  aspect  of  the  problem  of 
decided  importance?  (2)  Con  the  group  make  a worthwhile 
contribution  by  studying  intensively  this  aspect  of  the 
problem?  fenphasls  wee  placed  upon  those  aspects  for  which 
the  answer  to  each  question  was  affirmative. 

2m  group  submits  its  final  report  in  four  parts.  The 
title  and  general  content  of  each  part  is  as  follows  t 

Part  X.  general  Report. 

This  neotion  presents  in  a comprehensive  yet 
understandable  manner  the  problem  as  the  group 
sees  it*  and  makes  clear  what  the  group  believes 
can  and/or  should  be  dons*  This  section  is 
relatively  free  of  details  but  comprehensive 
as  regards  general  conclusions  * 

Part  XI.  ULmltations  of  Cable-Drive  Catapults. 

This  section  presents  a detailed  study  of  the 
limitations  of  o able -drive  catapults  and  the 
relative  effeots  of  different  modifications  of 
oable  drives.  Xt  is  rather  analytical. 

Part  XIX.  A Multi-Jet  Driven  Catapult  (Hydrapult). 

This  section  presents  the  results  of  a study  of  a 
multi-jet  catapult  which  the  group  refers  to  as 
a "hydrapult*"  Although  emphasis  is  placed  upon 
the  general  features  and  operation  of  the  proposed 
hydrapult*  numerous  details  are  included* 
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Part  IV*  Barricade 


CONFIDENTIAL  nllimnM 

toad>^CURITY  INFORMATION 


This  section  presents  the  results  of  a modal 
study  of  barricades*  It  oontalns  many  tabula? 
data  giving  force  distributions  among  the 
various  elemsnts  of  typioal  barricade*, 
numerous  photographs  are  lnoluded* 
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INTRODUCTION 

A cs.tipu.lt  must  furnish  to  the  aircraft  beiug  launched  a 
large  amount  of  energy  In  £ very  short  time  interval.  Since 
e,  machine  which  can  produoe  directly  great  amounts  of  power 
for  short  time  intervale  is  impracticable,  the  usual  procedure 
la  to  store  a large  amount  of  energy  in  some  potential  form  ana 
then  release  this  energy  during  the  launching  period.  The 
supply  of  potential  energy  Is  then  reestablished  during  the 
relatively  long  time  interval  between  launchings.  The  basic 
problem  with  such  machines  is  that  of  developing  a satisfactory 
method  of  transmitting  the  energy  from  the  storage  units  to  the 
aircraft.  Any  practical  transmission  system  must  be  reliable ; 
it  must  be  capable  of  delivering  the  required  energy  in  the 
short  time  interval  available;  it  must  not  be  too  massive;  and 
the  mass  of  material  that  haa  to  be  accelerated  with  the  aircraft 
must  be  kept  low. 

Basic  Principle  of  ths  gydrapult 

One  method  of  energy  transmission  is  that  used  in  the  Pelton 
water  wheel.  In  the  catapult  considered  here,  the  water  buckets 
are  attached  to  a shuttle  which  moves  along  a straight  track 
rather  than  to  a wheel  which  rotates.  The  aircraft  la  attached 
to  the  shuttle  in  a standard  manner.  Work  has  been  done  else- 
where on  a system  using  a single,  large  Jet  of  water.  With  a 
single  Jet  aericus  difficulties  arise  because  of  divergence  of 
the  stream  aa  the  noszle-to-shuttle  distance  becomes  large.  In 
order  to  avoid  this  difficulty  it  is  proposed  that  many  nozzles 
be  placed  beneath  the  shuttle  traok.  Each  nozzle  will  be 
turned  on  as  the  shuttle  arrives  at  the  position  whore  the 
Jet  from  that  nozzle  will  strike  one  of  the  buckets  mounted 
on  the  shuttle.  As  the  shuttle  moves  to  a position  where  the 
Jet  from  this  nozzle  will  no  longer  strike  a bucket,  the  nozzle 
will  be  turned  off.  Thus  the  thrust  of  the  single  stream  will 
be  replaced  by  many  short-time  impulses  as  succeeding  Jets  of 
water  (or  other  fluid)  propel  the  shuttle.# 

In  Greek  mythology  the  "hydra*  was  a many-headed  sea 
serpent,  Die  name  hydrnpult  is  proposed  for  a catapult  of 
the  multi- Jet  design.  The  eesentiai  features  of  a hydrapult 
are  shown  by  the  schematic  diagram  on  the  following  page. 


« "Considerations  on  a Large  Hydraulic  Jst  Catapult,"  by 

Langley  Aeronautical  Laboratory,  NACA  RM  L51B27,  April  1951. 

# This  basic  idea  has  been  under  consideration  by  this  group 
since  September  19$1.  It  has  been  considered  independently 
by  P.  0.  Ringlab  and  others,  "Dynamics  of  a Hydraulic  Jet 
Catapult  with  Automatic  Jet  Control,"  NAMC  Report  No. 
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Basic  Components  of  the  Hydrapuit 

The  general  features  of  the  several  basic  components  of  the 
hydrapuit  will  now  be  considered  one  by  one.  A number  of  them 
will  be  considered  In  detail  later* 

Aooumulator-Ram 

The  accumulator s)  will  contain  a high  pressure  gas  charge* 
The  pressure  will  be  transmitted  to  the  fluid  by  means  of  a 
dlaphragn  or  piston.  Appropriate  controls  will  insure  that 
the  pros sure  is  transmitted  at  the  proper  time. 

High  Pressure  Piping  System 

A high  pressure  piping  system  will  run  from  the  accumulator- 
ram  unit(s)  to  the  nozzles  which  are  located  along  the  accelerated 
run.  Plow  of  thu  fluid  from  the  nozzles  against  the  buckets  on 
the  shuttle  will  be  controlled  by  fast  acting  valves  which  are 
activated  by  the  shuttle. 

Shuttle 

The  shuttle  will  move  along  the  track  as  a result  of  the 
force  exerted  by  the  high  pressure  jets  from  the  nozzles 
playing  on  buckets  attached  to  the  shuttle.  This  motion  can 
be  transmitted  to  the  plane  by  an  appropriate  bridle  and  hook 
arrangement  to  provide  a direct  drive . or  by  a cable  system 
to  provide  an  indirect  drive.  The  length  of  the  shuttle  should 
be  approximately  10  feet.  A height  of  1 foot  snd  a width  of 
2 or  3 feet  appear  feasible.  Thus  there  is  a good  possibility 
that  a direct  drive  arrangement  can  be  utilized,  with  the 
shuttle  operating  in  a channel  directly  under  the  flight  deck* 

The  buokets  on  the  shuttle  will  be  of  the  Pelton  type  in  whiah 
the  jet  impinge a on  a sharp  dividing  line  which  splits  the 
stream  in  half,  with  each  half  undergoing  a change  in  direction 
of  almost  180°.  Since  Pelton  type  buckets  in  existing  water 
wheels  withstand  impulsive  forces  of  over  100.000  lbs*  per 
bucket,  it  would  seem  that  design  of  satisfactory  hydrapult 
buckets  would  not  be  too  difficult* 

Power  Plant 

After  the  fluid  leaves  the  buckets  it  will  Implngo  on  the 
walls  of  the  channel,  go  to  a collecting  duct  at  the  bottom  or 
side,  and  enter  the  return  piping  system.  The  fluid  will  then 
be  pumped  from  the  return  system  Into  the  high  pressure  system 
by  means  of  hydraulic  pumps.  The  pressure  will  return  tide 
accumulator-ram  to  battery  position  as  the  fluid  is  pumped  into 
the  high  pressure  system. 
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By&ke 

If  & direct  drive  system  is  used,  the  only  moving  mess 
which  requires  & brake  Is  the  shuttle  with  its  attached  buckets* 
Because  of  the  comparatively  light  shuttle  weight,  a water  braise 
can  be  used  to  decelerate  the  shuttle  to  standstill  in  e.  short 
distance,  say  10  feet*  The  design  of  the  water  brake  would 
present  no  major  problem* 

Retrieving  Mechanism 

Retrieving  the  shuttle  is  a simple  matter  because  it  is 
not  attached  to  a cable  or  piston*  A possible  retrieving 
mechanism  could  consist  of  an  electrio  motor  driving  an  endless 
cable*  The  cable  would  have  a dog  attached  to  it;  the  dog 
would  engage  the  shuttle  and  return  it  to  battery* 

Air  Cosmressor  and  Associated  Piping 


An  air  compressor  installation,  and  possibly  an  associated 
high  pressure  piping  system,  will  be  necessary  tc  precharge  the 
accumulator-ram(  a ) . However,  the  capacity  of  the  comp  re  ns  or 
system  need  not  be  large  sinoo  after  the  initial  air  oharge  is 
plaoed  in  the  accumulators,  addition  is  required  only  to 
compensate  for  leakage. 

Miscellaneous 

The  hydrapult  may  also  require  other  mi  see  liana  ous  devices 
such  as  cm  initial  tensioner,  a runaway  shot  preventer,  and  a 
pneumatic-electrical  valve  operating  system.  None  of  these  is 
likely  to  present  a serious  development  problem. 

General  Evaluation  of  the  Hydrapult 

The  hydrapult  appears  to  offer  a promising  method  of 
catapulting  heavy  loads  at  high  velocities*  The  component 
parts  of  the  hydrapult  are  of  standard  design  and  hence  should 
require  a minimum  of  development*  Once  a given  hydrapult  design 
proves  satisfactory,  the  design  can  be  modified  to  handle 
heavier  loads  at  the  same  terminal  velocity  by  increasing  the 
area  available  for  fluid  flow.  A nearly  linear  relationship 
between  catapult  weight  and  dead  load  wel^t  is  obtained  for 
any  given  terminal  velocity. 

By  causing  a number  of  Jets  to  play  on  the  shuttle  at  any 
one  time,  a ratio  of  maximum  to  average  acceleration  nearly 
equal  to  unity  can  be  obtained.  For  Instance,  using  six  Jets, 
and  using  an  initial  accumulator  pressure  which  is  1.60  times 
t’ie  final  pressure,  a ratio  of  rcak/av*  acceleration  of  1*02 
can  ba  obtained.  If  only  one  jet  is  used,  with  the  same 
pressure  range,  a value  1*11  is  obtained  for  the  ratio  max/av* 
acceleration.  If  a limit  is  plaoed  upon  the  maximum  acceler- 
ation, the  fact  that  the  average  acceleration  is  so  nearly 
equal  to  the  maximum  allows  the  use  of  a shorter  accelerated 


Another  advantage  of  the  hydrapult  it  itt  adaptibility  to 
launching  planet  of  various  weights*  Zhcre  are  three  obvious 
methods  of  adapting  it  for  planes  lighter  than  the  designed 
weights  One  of  these  is  to  render  selected  nozzles  inoperative* 
This  method  alone  would  provide  properly  only  for  plane  weights 
sene  suhaultiple  of  the  designed  weight.  Another  method  is  to 
reduce  the  initial  gas  pressure  in  the  accumulator- ram.  This 
method  of  adaptation  might  introduce  considerable  complication 
into  the  valves,  pumping,  and  piping  systems  if  it  were 
exercised  over  too  wide  a pressure  range*  A third  method 
is  to  re  duo*  the  nozzle  area*  Adaptation  througi  reduction 
of  nosale  area  would  complicate  materially  tbs  ncszl*  design* 

Consider,  for  example,  a hydrapult  designed  to  launch  a 
dead  load  of  50,000  lbs*  with  six  jets  playing  on  the  shuttle* 

If  alternate  nosslea  were  rendered  inoperative,  a dead  load  of 
25,000  lbe*  oould  be  launched  at  tha  same  average  acceleration 
and  with  but  a small  increase  in  the  max/av*  acceleration  ratio* 
By  using  6,  5#  h*  3*  2 or  1 of  the  possible  six  jets  playing  on 
the  shuttle,  loads  of  50,000,  4.1,600,  33.4-00  . 25,000,  16,660  or 
8330  lbs*  respectively  could' be  catapulted  with  the  designed 
acceleration  and  an  acceptable  max/av.  acceleration  ratio*  It 
would  be  possible  to  use  in  combination  with  this  method  the 
method  wherein  the  initial  accumulator  pressure  is  reduced  for 
planes  lighter  than  the  maximum  designed  weight*  By  selecting 
nosslea  as  the  major  adjustment  and  varying  the  pressure  as  a 
minor  adjustment,  it  would  be  possible  to  launch  a plane  of 
any  weight  between  50,000  lbs*  and  8330  lbs.  with  the  designed 
aooele ration* 

A further  advantage  of  the  hydrapult  le  the  possible 
variation  of  average  acceleration  along  different  portions  of 
the  accelerated  run.  Por  lnstanoe,  if  for  psychological  or 
physiological  reasons  it  were  desired  to  have  a lower  average 
acceleration  during  tha  initial  part  of  the  run  and  then  to 
increase  the  average  acceleration  in  the  latter  portions,  the 
nozzle  areas  and/or  spaoings  oould  be  easily  designed  to  yield 
(within  limits)  the  desired  results* 


DESIGN  FACTO] 


In  the  investigation  of  hydrapult  design  and  performance, 
a number  of  faotors  must  be  considered*  The  following,  whioh  are 
the  more  Important  of  these  factors,  will  be  discussed  one  by 
one* 


1*  Fluid  Velocity  Build-Up  Time 

2*  Jet  Velocity  versus  Time  Relation 

3*  Ratio  of  Maximum  to  Average  Aooele ration 

4*  AocumulAtor~Rama 

5*  Cavitation  and  Aeration 

6.  Jet  Systea 

7*  Valves  and  Nozzles 

8*  Power  Plant 
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Fluid  Velocity  Build-Up  Tine 

An  important  faotor  in  the  satisfactory  operation  of  the 
hydrapult  ie  the  time  required  for  the  fluid  (driven  by  constant 
pressure)  to  approach  its  steady  stats  velocity  after  being 
released  by  a valve.  The  importance  arises  fro r the  fact  that 
the  fluid  from  a given  nozzle  oan  play  upon  the  rapidly  moving 
shuttle  buckets  but  a short  time*  Por  example , if  a shuttle 
having  an  effective  length  of  12  feet  is  moving  with  an  average 
velooity  of  200  ft/aee.  during  the  time  the  fluid  from  a 
particular  no sale  plays  on  the  buoksts*  the  total  time  that 
the  jet  from  this  nozzle  oan  exert  an  effective  force  on  the 
shuttle  if 


t 


12 

200 


* 0.06  seo. 


Thuap  in  order  that  the  hydrapult  shall  oanserve  high  energy 
fluid,  the  velooity  build-iq>  time  must  be  a small  fraotion  of 
0.06  seconds* 

An  applicable  formula  for  the  velooity- time  relationship 
during  the  build-up  period  is  given  in,  "Applied  Fluid  Mechanics," 
by  O'Brien  and  Hlckox,  KcOraw-Hill,  1937*  page*  234  *»d  238*  The 
relationship  la 

g H t 

v * v tanh  - — — 

■ L vfl 


where  v is  the  fluid  velooity  at  time  t seoonds,  ▼ is  the  steady 
state  velocity,  g la  32.2  ft/seo.2,  H is  the  effective  heed  in 
fest,  and  L Is  the  effective  length  of  pipe. 

For  the  purpose  of  determining  numerically  a representative 
velooity- time  relation  for  the  velooity  build-up,  the  following 
arrangement  will  be  assumed.  An  aeoumulator-rna  supplies  fluid 
at  high  pressure  to  a pipe  with  a nozzle  at  the  far  end*  The 
pipe  is  assumed  to  be  £ feet  long  and  7.66  inches  in  diameter 
(area  46*2  sq.ln.).  Ohe  nozzle  area  is  taken  as  7*1  sc* in., 
and  the  velocity  coefficient  of  the  nozzle*  C«,  as  0*98*  The 
aooumulator  pressure  Is  assumed  to  be  4000  pel * which  corresponds 
to  a water  head  of  9230  feet*  These  assumptions  correspond  to 
a steady  state  velooity  of  approximately  115  ft/seo*  in  tto  pipe* 
If  the  supply  pipe  is  considered  to  be  smooth  and  to  inolude 
only  smoothly  rounded  curves,  the  friction  drop  throughout  will 


n 
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be  negligible  in  comparison  to  th?  bead  of  >230  feat*  Although 
the  accumulator  will  be  located  below  the  noszle,  the  difference 
In  elevation  la  negligible  in  comparison  to  the  head*  Tb.ua,  the 
only  drop  in  pressure  which  need  be  considered  is  that  in  the 
noszle.  Accordingly,  the  steady  state  velocity  is  given  by 


va  * °v  8 H * 0.98  \j2  x 32.2  x 9230  * 755  ft/sec. 


The  effective  length  L of  the  pipe  applicable  in  calculation 
of  the  velocity  build-up  is  given  by 

L * h>  x;  " 5 X lfck  m 0,77  ft* 

where  L_  is  the  pipe  length,  A_  the  pipe  area,  and  the  no  sale 
area.  thus  the  velocity- time  relationship  for  the  assumed 
conditions  becomes 


v » v 
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tanh 


g H t 
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755  tanh 


32.2  x 9230 

s;wxiw 


t 


755  tanh(5ll  t)  ft/sec. 


The  following  table  gives  calculated  values  of  the  velocity 
attained  by  the  fluid  at  various  times  after  the  fluid  was 
atarted  in  motion. 


t (in  sec.)  v (in  ft/sec.) 


0.000 

0 

.001 

355 

.002 

582 

.003 

688 

.004 

730 

.005 

746 

OQ 

755 

The  above  calculations  indicate  that  if  the  oontrol  valve 
is  assumed  to  operate  instantly;  the  jet  will  build  up  to  91.1  % 
of  its  steady  state  velocity  in  3 milliseconds,  and  to  98.8  % of 
its  steady  state  velooity  in  5 milliseconds.  This  indicated 
fast  velooity  build-up  would  be  entirely  satisfactory  for 
hydrapult  operation.  However,  it  would  be  extremely  deaireble 
to  have  experimental  verification  of  the  calculated  values. 


Jet  Velocity  versus  Tin*  Relation 

A constant  pressure  accumulator  is  not  feasible;  the 
pressure  Hill  fall  significantly  as  the  volutes  of  fluid 
delivered  by  the  nozzle  increases*  Hence,  the  jet  velocity 
will  never  attain  the  steady  state  value  corresponding  to  the 
initial  pressure*  After  reaahing  a maximum  at  the  end  of  the 
initial  build-up,  it  will  decrease  thereafter*  Consideration 
of  this  variation  of  jet  velocity  with  time  is  important  in 
evaluating  the  perfomanoe  of  the  hydrapult*  2h»  velocity-time 
relationship  will  now  be  developed*  after  several  simplifying 
assumptions  are  made*  Ihese  assumptions  will  not  influence 
the  results  significantly* 

Consider  an  accumulator"- ram  supplying  high  pressure  fluid 
to  a pipe  and  nozzle  as  shown  below* 


Initially  the  weightless  piston  is  at  the  left-hand  position 
shewn;  the  accumulator  is  filled  with  a gas  of  volums  Vi  at 
pressure  P^j  the  pipe  of  area  Ap  is  filled  with  fluid  at  rest* 
Upon  release  of  the  piston,  the  gas  pressure  acting  upon  the 
fluid  through  the  piston  will  force  the  fluid  out  through 
the  nozzle  of  area  An-  As  shown  in  a previous  section,  the 
transient  build-up  time  of  the  jet  velooity  will  be  small* 

3 to  5 milliseoonds  if  the  initial  pressure  Pi  is  high  and  if 
the  pipe  is  not  too  long*  Sinoe  the  transient  build-up  time 
is  small  (5  % of  the  total  time  the  jet  is  in  operation),  it 
will  be  neglected  in  what  follows*  During  the  time  t the 
piston  will  move  through  the  distance  x*  If  P and  V represent 
respectively  the  gas  pressure  and  volume  corresponding  to  this 
new  position  of  the  piston,  and  if  one  assumes  that  the  rapid 
expansion  ia  adiabatic  (the  total  flow  time  is  less  than  1 
se  cond ) , 


v « Vi  e Ap  x 


and 


A.n.i!Mj;af] 


Combining  these  two  equations * 


P >.VX  * Ap  x)k  . PX  Vxk 


SA) 


The  actual  Jet  velocity  Vj  will  be 

*p  dx 
^n 


'j  ■ c ^ irar 


(B) 


frora  which 


*p  dx 

rr:w 


(0) 


where  C is  a constant.  For  water  C * Cv  V^b/°»434  ■ 12*18  C«# 
where  Cv  is  the  velocity  coefficient  of  the  nossle,  where  P is 
in  pai,  and  where  Vj  is  in  ft/seo* 


All  friotional  and  inertial  effects,  with  the  exoeption  of 
nossle  friction,  have  been  neglected  in  writing  the  above 
relationships*  It  has  been  pointed  out  previously  that  tfae 
neglected  effects  are  small.  Combining  (A)  end  (C)  above  leads 
to  the  equation 


(v^Ap^ax.l^v? 

Ap 


dt  , 


Integrating  this  expression, 

k/2  «•  1 C An 


V,  t ♦ K 


where  K is  a constant  of  integration.  Since  x « 0 at  t * 0, 


(k/2  + 1)  Ar 


(vx) 


k/2  ♦ 1 


Inserting  this  value  of  K in  the  preceding  equation, 

..  k/2  + 1 


£*UIW?  S3! 


and  solving  this  explicitly  for  x. 


, i k k/2  + 1 

x*iiC  An(k/2  + 1}  VX  t «• 

Ac  i 


- ?/(k+2) 


Diffe rent! sting  with  respect  to  t yields 


B§2  c 1 CA*(I  * ^ * * Vl2 


i + 1 


(1T?2  "1) 


But  from  (B) 

_ AP  dx 

VJ  dt  * 

Substituting  the  above  value  of  dx/dt  into  this  and  rearranging 
terms, 

-k/(k +2) 

/ v ! , « / ST  (k+2)/2  ! 

v1  - cv^i  Vxk  'C  Vx  t ♦ V | 


In  the  specific  case  for  which  the  accumulator  gas  is  air 
with  k ■ 1.4,  the  fluid  is  water  for  which  C *=  12.18  Cx,  the 
initial  pressure  is  4.000  psl.  and  Cy  l-8  taken  as  0.98,  the 
last  equation  above  reduces  to  the  following  simply  through 
substitution  of  numerical  values. 


« 755  ' 1283  ~ t + 1 


- -0.412 


Ihis  shows  the  manner  in  which  the  jet  velocity  depends  upon 
time,  the  nozzle  area  and  the  initial  volume  under  the  conditions 
represented  by  the  specif lo  case.  If  the  axis  of  the  nossle  is 
inclined  at  an  angle  £ with  the  direction  of  motion  of  the 
shuttle,  the  effeotlvs  velocity  is  given  by 

f -0.412 

Teff  " vj  Coa  S ” 7^5  1283  — t + 1 Cos  i . 


The  curve  on  the  following  page  represents  a plot  of  this 
equation,  v»ff  versus  Ant/V^,  for  the  particular  case  where 
the  angle  £ is  l5°»  Inspection  of  the  curve  shows  that  within 
the  pressure  range  4®00  to  2500  psi,  the  jet  velocity-time 
relationship  is  linear  within  a maximum  divergence  of  2*3  %• 


i 


Ratio  of  HfesimaB  to  Average  Acceleration 


la  this  section  a simplified  analysis  of  the  maximum  to 
average  acceleration  will  be  made  for  a typical  hydrapult*  Ihe 
shuttle  will  be  assumed  to  be  10  feet  long#  with  six  buckets  at 
2-foot  intervals*  The  nozzle  spacing  will  also  be  taken  as 
2 feet*  An  acoelerated  run  of  200  feet  is  assumed*  The  shuttle 
is  assumed  to  be  in  such  & position  that  the  nozzles  at  104#  106# 
108#  110#  112  and  IH4.  feet  are  playing  upon  the  buokets*  A step 
by  step  analysis  of  the  required  noszle  area  for  an  average 
aaceleratlon  of  i>g  and  a force  of  230#000  lbs*  shows  that  the 
no  tile  area  required  would  be  4*52  sq*  in.  for  the  nozzle  at 
104  feet  and  4* TO  aq.in.  for  tha  nozzle  at  114  feet.  Intervening 
nozzles  would  require  intermediate  areas*  Thus  it  appears  that 
a nozzle  area  of  say  4*65  «q*in*  would  be  satisfactory  for  each 
of  the  six  nozzlss. 

When  the  nozzle  at  114  feet  first  plays  upon  the  first 
shuttle  bucket#  the  effective  jet  velocities  at  the  nozzles# 
as  taken  from  the  curve  on  the  preceding  page#  are: 

V1I4  * 72$  ft/aeo. 

m*  * 690 
mo  ■ 660 
v108  * 635 

▼106  * 612 
vio4  ■ J2i 
I ▼eff  - 3913 

After  the  shuttle  travels  2 feet#  the  nozzle  at  104  feet  oeases 
to  play  upon  the  last  bucket  on  the  shuttle.  At  the  instant 
Just  prior  to  this  the  effective  jet  velocities  are: 

V114  * 690  ft/sac* 

v112  * 660 
▼no  " b35 

▼108  ■ 612 
▼106  * 591 
▼104  - J]k 

X veff  - 3762 


Sinoe  the  noszle  areas  were  assumed  to  be  equal#  and  sinoe 
the  shuttle  velocity  In  this  2-foot  interval  has  changed  only 
from  171*3  to  172.9  ft/sec.,  the  shuttle  acceleration  ie 
readily  obtainable  as  a function  of  the  summation  of  jet  velooiti 


Ibis  Idealised  acceleration  versus  distance  relation  is  shown  in 
the  figure  below. 


The  ratio  of  maximum  to  minimum  aocele  ration  in  this  2-foot 
Interval  la 


max/mln.  acceleration 


3913 

3755 


1.04 


while  the  ratio  of  maximum  to  average  acceleration  for  the 
Interval  ia 

. 2 x 3913  , „ 

max/av.  acceleration  * ■ - ■ ■ ■ » 1.02  • 

3913  * 3762 


If  in  order  to  launoh  a lighter  plane,  only  me  nozzle  were 
allowed  to  play  on  the  ohuttle  at  any  time,  the  ratio  of  maximum 
to  minimum  aooele ration  would  be 


72? 

max/min.  acceleration  * ■ 1.26 


and  the  ratio  of  maximum  to  average  acceleration  would  be 


, , 2 x 725 

max/av.  acceleration  «=  — — 5 s— 


1.11  . 


It  would  seam  f™  the  foregoing  analysis  that  highly 
satisfactory  ratios  of  maximum  to  average  acceleration  would 
be  feasible  with  the  hydrapult,  and  that  by  proper  nozzle 
control  a wide  variation  in  dead  loads  could  be  accommodated 
without  resulting  in  a too  unfavorable  ratio  of  mas/av. 
acceleration. 

It  should  be  pointed  out  that  the  above  acceleration  ratios 
have  been  calculated  for  only  a 10-foot  section  of  the  accelerated 
run.  Ihe  ratio  of  the  peak  acceleration  encountered  within  the 
entire  launching  run  to  the  average  acceleration  for  the  entire 
run  will  depend  upon  whetbsr  the  average  acceleration  ia 
maintained  constant  throughout  the  run.  The  average  can  be 
maintained  constant  by  use  of  unit  accumulators.  Even  were  a 
large  accumulator  feeding  many  nozzles  to  be  used,  the  average 
acceleration  could  be  maintained  constant  by  some  means  such 
as  proper  variation  of  nozzle  area.  If  the  average  acceleration 
is  kept  constant  the  acceleration  ratios  calculated  above  for 
a 10-foot  section  would  pertain  equally  well  to  the  entire  run. 

It  should  also  be  pointed  out  that  in  order  to  minimise 
shock  effects  as  the  Jets  change  from  bucket  to  bucket,  it  may 
be  desirable  to  stagger  the  bucket  and  nozzle  spacings  slightly 
ao  that  all  jets  will  not  change  at  the  same  time. 

Accumulator-Rams 


There  are  two  basic  types  of  accumulator-ram  a which  might 
be  used  in  the  hydrapult.  These  two  types  are:-  (1)  The  small 
or  unit  accumulator-ram  in  which  there  ia  one  email  accumulator 
for  each  nozzle;  (2)  The  large  or  multiple  nozzle  accumulator 
there  one  accumulator  feeds  a number  of  nozzles.  It  appears 
that  the  hydrapult  would  operate  equally  well  with  either  type 
of  accumulator.  Ihe  choice  of  accumulator  type  will  therefore 
depend  primarily  upon  the  development  of  a satisfactory  valving 
system  and  upon  the  space  available  for  tho  installation.  The 
unit  type  requires  a large  number  of  small  volume  spaces  Whereas 
the  multiple  type  requires  a small  number  of  largo  volume  spaces. 
The  unit  accumulator  will  deliver  a metered  amount  of  water. 

The  valves  used  will  have  to  open  quickly,  but  do  not  have  to 
close  quickly.  On  the  other  hand,  the  multiple  type  requires 
valves  which  both  open  and  close  quiokly.  It  may  also  require 
some  means  of  reducing  water  banner  shocks. 

It  is  entirely  possible  that  with  some  modification  the 
accumulators  used  in  aircraft  hydraulic  systems  would  be  satis- 
factory for  a unit  type  installation.  The  multiple  type 
accumulator- rams  might  be  similar  to  those  used  in  die  casting 
machines  such  as  the  model  400-A  manufactured  by  the  Hydraulio 
Press  Manufacturing  Company,  Mount  Gilead,  Ohio.  This  machine 
uses  an  8000  cu.in.  nitrogen  accumulator  to  obtain  very  high 
pressure  for  die  casting  work.  Calculations  show  that  the  total 
accumulator  size  is  well  within  practical  limits  when  air  la 
used  as  the  gas.  If  the  initial  air  presguro  is  2400  psi  and 
the  final  pressure  is  1130  psi.  a 40  x 10°  ft. lb.  hydrapult 
would  require  a total  accumulator  volume  of  726  cu.ft. 
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kiOffio  consideration  should  be  given  to  the  use  o£  a gas 
charge  other  than  air.  If  P'  and  represent  the  initial 
pressure  and  volume  of  the  gas  charge,  P2  sed  V2  * Inal 
pressure  and  volume,  and  k the  coefficient  of  aaiabatio 
expansion. 


P 


1 


_ k 
r2  v2  . 


Now  the  difference  (V?  - V\)  ia  vd»  whoro  vd  is  th®  displacement 
volume  which  is  fixed  for  a given  design.  Hence 


(Pi/P2)l/k  V 


1 “ l-(?2/?l)Vk* 


Accordingly,  if  and  the  ratio  P^/P-i  are  fixed,,  the  total 
accumulator  volume  V2  will  depend  upon  the  value  of  k.  Thus 
if  a gas  with  a value  of  say  k * 1.1  could  be  used  instead  of 
air,  for  which  k ® l.Jj.,  the  total  accumulator  volume  would  be 
decreased  by  about  25  %•  There  is  sons  possibility  of  designing 
a gas  mixture  with  this  lower  value  of  k.  The  possibility 
appears  worthy  of  further  investigation.  An  interesting  article 
on  this  aspect  of  accumulator  design  is  one  entitled,  "Hydraulic 
Accumulator  for  Constant  Pressure  Operation,"  by  Kurlovits  and 
3vindenkor,  Hngineers  Digest,  Vol.  3*  No.  10,  October  19il6, 
page  5l6»  However,  the  process  described  in  this  article  takes 
place  over  e comparatively  long  time  and  thus  is  isothermal 
rather  than  adiabatic. 

It  is  also  possible  to  use  steam  near  the  oritioal  point 
as  the  charge  medium.  Its  use  would  reduoe  the  accumulator 
volume  required.  However,  the  disadvantage  of  insulation, 
heaters,  etc.,  seem  to  outweigh  the  saving  in  accumulator  sire* 
Nevertheless,  the  possible  use  of  using  high  pressure,  through- 
type  steam  generators  as  the  hydrapult  power  source  has 
considerable  merit. 

In  the  design  of  the  acc umulator- rams  and  associated  piping 
systems,  allowance  must  bo  made  for  the  fact  that  the  forces  due 
to  the  norzle  reaction  and  due  to  pipe  bends  must  be  taken  by 
the  accumulator- ram  piping  system. 

Cavitation  and  Aeration 


The  effects  of  cavitation  may  become  very  important  in  any 
hydraulic  system.  Thus  in  the  design  of  a hydrapult,  all 
components  where  cavitation  might  occur  should  be  considered 
carefully.  It  would  seem  that  the  liquid  sides  of  the  ram 
surface  and  the  Pelton  type  buckets  on  the  shuttle  would  be  the 
most  vulnerable  to  cavitation  effects.  Further  work  would  have 
to  be  done  on  this  aspeot  of  the  problem. 


Since  the  jot  stream  leaves  the  buckets  at  a fairly  high 
velocity,  considerable  air  may  be  entrained  in  the  fluid*  If 
this  air  wars  still  in  the  fluid  during  the  succeeding  shot, 
the  perfomano©  and  efficiency  of  the  nozzle  would  be  reduced 
greatly*  It  is  possible  that  if  the  exhaust  fluid  were  allowed 
to  stand  for  a tins  before  re-entering  the  high  pressure  pisnps, 
the  entrained  air  would  leave  the  fluid.  This  might  entail  use 
of  a larger  amount  of  fluid  than  would  otherwise  be  required* 
Other  possibilities  arc  the  use  of  centrifuges  or  heating  to 
remove  the  air  from  the  fluid.  Further  study  on  this  aspect 
of  the  problem  would  also  be  desirable* 

Jet  System 

In  the  direct  drive  hydrapult,  the  force  driving  the  shuttle 
forward  is  exerted  by  Jets  playing  on  buckets  attached  to  the 
shuttle e The  character  of  the  driving  foroe  will  depend  upon 
the  nature  of  the  jet  stream*  In  order  to  insure  a satisfactory 
Jet  stream,  the  nozzles  must  be  carefully  designed*  Calculations 
have  shown  that  the  nozzle  exit  diameter  required  will  be  between 
2 and  5 Inches,  depending  upon  the  design  chosen*  Since  the 
nozzles  are  not  used  to  vary  the  fluid  flow,  and  sinoe  nozzles 
with  velocity  coefficients  of  0*98  have  been  built,  the  nozzle 
design  should  be  along  conventional  lines*  Nozzles  up  to  12 
inches  in  diameter  have  been  used  in  hydraulic  turbines;  end 
quite  high  Jet  velocities  have  been  used*  For  example,  in  the 
Ch&ndelina  Plant  in  Switzerland,  there  are  three  Pel  ton  type 
turbines,  each  developing  50,000  horsepower  and  operating  at 
a head  of  5740  feet.*  This  head  corresponds  to  a pressure  of 
2490  pel* 

Tha  buckets  should  be  of  the  Pel ton  type  in  which  the  Jet 
impinges  on  & sharp  edge  which  splits  the  stream  into  halves* 

Each  half-stream  then  undergoes  a change  in  direction  of  almost 
180°  before  leaving  the  bucket.  The  buckets  in  present  day 
Pelton  turbine  installations  sustain  impulsive  foroes  of  over 
100,000  lbs*  and  have  satisfactory  resistance  to  cavitation 
effects.  Thus  the  design  of  satisfactory  buckets  should  not 
be  too  difficult* 

The  hydrapult  shuttle  is  a foroe  transmitting  member  only 
and  can  therefore  be  fairly  light  in  weight*  It  must  support 
the  buckets  and  the  bridle  hook  and  be  capable  of  withstanding 
the  forces  involved*  The  shuttle  may  also  have  attached  to  it 
certain  simple  mechanisms  necessary  to  activate  the  valves 
wnlch  control  the  Jets*  It  may  b#  necessary  to  offset  the 
deok  slot  from  the  oenter  line  of  the  nozzles  so  that  there 
ia  no  possibility  of  a Jet  stream  coming  through  the  slot* 


» "Handbook  of  Applied  Hydraulios"  - Davis,  McGraw-Hill,  page  6l?, 


As  the  exhaust  streams  leave  the  bucks ta,  they  will  have 
considerable  velocity.  It  may  therefor©  be  necessary  to  us* 
louvers  of  some  sort  in  the  sides  of  the  channel  so  that  the 
fluid  does  not  interfere  with  tha  shuttle  or  the  jet  streams* 

For  cold  weather  operation,  the  fluid  used  may  be  some 
liquid  with  a low  freezing  point  and  with  the  density  for  which 
the  hydrapult  was  designed*  Heaters  may  be  used  to  warm  exposed 
surfaces  if  neoessary* 

Valves  and  Kostlea 

iSarly  in  the  considerations  of  the  hydrapult  it  waa  realised 
that  the  turning  on  and  off  of  the  many  jets  of  water  or  other 
fluid  must  be  done  so  precisely  as  to  make  the  specif! cat iona  of 
valves  severe.  The  valves  must  seal  against  high  pressure  when 
they  are  closed.  They  must  be  positive  in  aotion,  never  opening 
at  an  undesired  time  and  always  opening  at  the  proper  time.  They 
must  open  quickly  and  completely,  so  that  the  jet  of  fluid  can 
exert  its  full  foroe  on  the  shuttle  for  the  proper  length  of 
time.  The  flow  must  cease  at  the  proper  instant.  If  the  flow 
ceases  ahead  of  time,  the  full  impulse  will  not  be  given  to  the 
shuttle.  If  the  flow  lasts  too  long,  large  quantities  of  fluid 
will  be  wasted.  Hie  enlargement  of  equipment  required  to  handle 
and  store  this  extra  volume  of  fluid  could  beoccse  serious. 

Hie  four  major  factors  that  must  be  considered  in  designing 
valves  suitable  for  the  hydrapult  are  listed  below.  They  will 
be  considered  in  order. 

1.  Velooity  coefficient 

2.  Pressure 

3*  Timing 

4.  Cross-sectional  area 

The  valve  must  not  reduce  the  velooity  of  fluid  flow 
drastically,  either  through  causing  turbulence  or  the  intro- 
duction of  other  restraints.  Tha  open  valve  should  present  a 
smooth  hole  of  the  proper  cross  aeotlon  through  which  the  fluid 
can  flow*  Vihile  design  of  a valve  which  is  satisfactory  in  this 
respect  will  certainly  require  careful  consideration,  it  is 
cortainly  possible. 

Hoe  pressure  at  vhioh  the  valves  must  operate  is  well  within 
the  range  of  pressures  now  employed  in  standard  engineering 
procedure. 

The  timing  of  the  movement  of  the  valves  is  a matter  of 
great  importance.  The  fluid  flow  must  start  as  soon  as  the 
first  buoket  on  the  shuttle  is  in  a position  to  interoept  the 
jet,  and  it  should  reach  full  momentum  as  soon  as  possible. 

The  flow  should  cease  as  soon  as  the  jet  can  no  longer 
efficiently  engage  the  last  bucks t on  the  shuttle.  Since 
the  shuttle  is  not  of  great  length,  the  time  ("on-time")  for 
which  the  fluid  flows  from  a given  nozzle  is  quite  short* 
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It  la  particularly  short  after  the  shuttle  reaches  a high 
velocity*  Ths  cn»tlae  Saw  be  oempufced  fr ea  simple  kinematic 
eons  ids  rations*  Assuming  the  use  of  water  as  a fluid, 
assuming  a 10«foct  shuttle  with  siz  buckets  spaced  at  ;?-?eefe 
intervals,  end  assuming  a 200- foot  run  with  a constant 
acceleration  of  4gc  one  obtains  the  values  shown  In  the 
table  below  for  the  on- times  of  nosslee  at  different  positions 
along  the  run* 


Position  of  aossle 


* 


On- ties 


0 foot 
50 
100 
150 
190 


milliseconds 


1*2 


Sinoe  the  on- tins  is  of  the  order  of  50  millisecond*  in 
seme  instances,  it  sssss  desirable  to  use  a valve  which  will 
open  in  5 milliseconds  or  less*  Valves  having  5 millisecond 
opening  times  ars  apparently  feasible  in  the  pressure  range 
desired*  The  following  information  quo  tad  from  a letter  dated 
26  June  1952  to  Warren  B«  Snyder  from  M*  B.  States  of  the 
Chicago  0SR  offioe,  indicates  that  commercial  valves  approaching 
the  requirements  of  the  hydrapult  exist  or  can  be  made* 

1*  "Automatic  Valve  Company,  Inc.,  4OC  V.  Michigan  Avenue, 
Chicago*  This  firm  has  available  a a stock  items  3000  psi 
, fast  setlng  valves  in  1/2,  3/4  and  1 inch  diameters* 
Representative  price  on  the  1 inch  valve  is  $250  each* 

They  do  not  have  information  on  the  speed  of  opening  or 
closing  exoept  to  olaim  that  they  are  *vexy  fasti  They 
claim  that  the  A.  0.  Smith  Company  1 n Milwaukee  recently 
tested  valves  of  this  type,  using  3000  psi  hydrogen  and 
found  reliable  lifetimes  extending  to  1 1/2  million 
operations.  Atkomatio  foe is  that  they  could  design  ana 
build  a valve  to  meet  your  4000  psi  50  milliseoonds 
normally  closed  valve  requirement.* 

2.  "Borman  Engineering  Company,  2115  W.  Marquette,  Chicago* 

This  fira  is  the  Chicago  representative  for  the  Skinner 
Electric  Valve  Company,  Horwalk,  Connecticut.  They  state 
that  your  requirements  are  oertainly  within  design 

pOiBibiiiwjf  CUiU  MU*b  Vx**j  *"*  v*r*  V xjf  pivuvBQvU  mZi  wrkr 

for  Armour  Research  foundation  for  a 1200  psi  2 sq*  inch 
opening,  700  gal*  mineral  oil  per  minute  application  with 
a > millisecond  opening  and  olosxng  time  but  with  a limited 
lifetime  of  about  1000  cycles*  They  stated  that  any  inquest 
for  pricing  on  development  valves  should  be  addressed  to 
the  home  offioe  of  the  Skinner  firm." 
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is  in  the  ready  position. 
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3o  "Marin*  and  industrial  produota  Coopsny*  1150  W.  Marquette* 
Chicago*  Mr.  Vincent  MoCaffery*  Salas  Manager*  advised 
that  this  firm  routinely  furnishes  extremely  fast  acting 
large  valves  for  ABC*  many  of  whioh  have  specifications 
for  up  to  20,000  operations  per  minute  - f®-*  MoCaffery 

stated  that  ho  would  be  pleased  to  quote  on  the  design  of 
a suitable  valve  if  you  will  furnish  hi®  complete 
specifications.  He  is  of  the  opinion  that  your  require- 
sente  would  necessitate  the  use  of  an  air  assisted 
solenoid  valve  operating  on  110  or  230  volts.  He  felt 
that  his  company  oould  design  and  build  valves  to  aeet 
your  specification." 

The  closing  time  of  the  valve  should  also  be  of  the  order 
of  5 milliseconds,  simply  to  conserve  fluid.  Since  it  appeals 

feasible  to  construct  a valve  with  a 5 millisecond  opening  time* 
it  would  appear  feasible  also  to  design  it  with  an  equal  closing 
time  were  it  not  for  the  fact  that  one  would  like  to  close  it 
against  a high  fluid  pressure*  This  requirement  will  make  the 
irr.ijp!  difficult*  One  way  of  avoiding  the  difficulty  would  be  to 
aster  by  Independent  means  the  amount  of  fluid  flowing  through 
each  Jet*  The  valves  can  then  be  elosed  easily  and  leisurely* 

Activation  of  the  valves  at  the  proper  instant  ia  highly 
important*  It  must  be  done  by  &s  shuttle*  Satisfactory 
activation  can  certainly  be  aoeomplished*  though  it  may  require 
an  unde sirs ole  complexity  of  gadgets* 

This  group  has  made  no  attempt  to  design.  an  appropriate 
valve  and  control  system*  It  does  wish  to  call  attention* 
however*  to  one  possible  method  of  controlling  the  fluid  flow 
without  using  a conventional  valve*  Ihe  method  la  simple  and 
has  oertaln  distinot  advantages*  but  it  also  has  disadvantages* 
The  method  consists  of  using  a "trigger  oap"  to  turn  the  fluid* 
Jet  on*  and  an  aooumulator  to  furnish  a metered  amount  of  fluid* 
When  the  metered  amount  has  been  furnished  the  Jet  oeases*  and 
the  trigger  oap  oan  be  reset  at  atmospherio  pressure* 

The  trigger  oap  might  consist  of  a flat  metal  plate 
covering  the  end  of  the  no  sale*  one  edge  of -the  plate  being 
hinged  to  a aide  of  the  nozzle  and  the  opposite  edge  of  the 
plate  being  latohsd  to  the  opposite  side  of  the  nozzle.  As 
the  shuttle  reaches  that  position  at  which  a given  Jet  should 
oome  into  play-  a projection  on  the  shuttle  releasee  the  latoh 
holding  the  oover  plate  in  plaoe*  The  high  pres sure  fluid  In 
the  nozzle  pushes  the  oover  plate  open*  and  the  Jet  operates 
until  a metered  amount  of  fluid  has  been  spent*  Some  mechanism 
will  then  return  the  caps  to  the  dosed  position*  This  mechanism 
could  be  controlled  manually  or  activated  by  the  arrival  of  the 
shuttle  at  the  end  of  ite  run* 

One  of  the  major  difficulties  in  such  a system  would  be 
the  design  of  gaskets  which  would  not  allow  the  oap  to  leak 
when  eubjeoted  to  high  pressure.  A hollow*  flexible* 
pressurized  gasket  has  been  used  successfully  in  similar 
situations*  A tubular  gasket  reads  of  reinfo roed  rubber  is 
embedded  in  the  face  of  the  nozzle  against  whioh  the  oap  fits* 

The  oap  is  closed  while  the  hollow  gasket  is  at  atmospheric 
pressure;  the  force  required  would  be  small*  After  the  oap 
Is  latched  the  gasket  is  inflated  to  a pressure  slightly  larger 
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th«n  the  maximum  pressure  to  be  exerted  by  the  fluid  inside 
the  nozzle.  The  Inflated  gasket,  if  properly  mounted,  would 
provide  a good  seal. 

The  method  of  controlling  the  fluid  flow  auggeeted  abev® 
has  several  distinct  advantages  over  the  use  of  conventional 
valves.  It  provides  for  quick  opening  and  for  a proper  eeal. 

It  eliminates  the  necessity  of  closing  and  opening  against  a 
large  pressure*  It  is  recognised;  however,  that  the  method 
presents  several  difficulties.  Both  the  hinge  and  the  latch 
which  hold  the  oap  on  the  nozzle  must  be  heavy.  Dashpots 
would  probably  be  necessary  to  absorb  the  energy  of  the  oap 
after  it  opens.  A reliable  mechanism  would  be  necessary  to 
re  latch  the  cepe.  Alternate  inflation  and  deflation  of  the 
hollow  gaskets  would  have  to  be  provided  for.  Many  of  these 
difficulties  would  be  eliminated  if  a conventional  valve  with 
the  required  operating  characteristics  can  be  made. 

The  fourth  consideration  Is  valve  and  nozzle  design  is  the 
cross-sectional  area.  The  aggregate  jet  stream  area  which  must 
play  on  the  buckets  will  now  be  computed  approximately.  Let 
F (lbs.)  be  the  total  foroe  exerted  on  all  shuttle  buckets  as 
fluid  of  density  /> (slugs/ft. 3)#  aggregate  area  A (ft„z).  and 
jet  velocity  vj  (ft/seo.)  strikes  the  buckets  on  the  shuttle 
whiah  is  moving  with  a velooity  v-k  (ft/aec.).  Also,  let  S be 
the  angle  between  the  direction  ox  the  jet  velooity  and  the 
direction  of  the  shuttle  travel.  Furthermore , let  it  be 
assumed  that  the  jet  emerges  from  the  bucket  at  an  equal 
angle  S • 

The  foroe  exerted  by  the  jet  streams  upon  the  shuttle 
buckets  is  equal  to  the  aggregate  rate  of  change  of  momentum 
in  the  jet  streams.  Hence,  if  there  is  no  loss  of  stream 
velooity  during  oontaot  with  the  bucket. 


? m 2 rk  VJ  <VJ  Co»S  - ▼ah)  • 

If  allowance  is  made  for  an  assumed  5 per  cent  loss  of  stream 
velooity  during  contact  with  the  bucket,  the  foroe  la  given  by 

P ■ 1.95  />A  Vj  (Vj  Coe  S - v8h)  . 

Thus  the  aggregate  jet  area  required  is 


1.95 f>  ▼ j (tj  Cos  $ - vah) 

Consider  a hydrapult  operating  between  pressures  of  lj.000 
and  2$00  pal  and  accelerating  a 50,000 -lb.  load  at  Ug  for  a run 
of  200  feet.  The  aggregate  nozzle  area  A from  which  fluid  plays 
upon  the  buckets  at  any  instant  will  depend  upon  whether  the 
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do sign  employs  unit  accumulators  or  one  large  accumulator*  XX 
unit  aooumulators  are  employed  the  jet  velocity  used  to  calculate 
the  area  should  be  that  corresponding  to  the  average  pressure 
3250  psi*  Hie  calculated  aggregate  nozzle  area  A ranges  from 
17  sq-in.  at  the  start  of  the  run  to  26  aq.in.  near  the  end  of 
the  runo  If  a single  large  accumulator  were  used  the  jet 
velocity  at  the  beginning  of  the  ran  would  be  that  corresponding 
to  a pressure  of  4&00  psi,  whereas  the  velocity  near  the  end  of 
the  run  would  be  that  corresponding  to  2500  psi.  The  correspond- 
ing aggregate  areas  range  from  14  to  43  sq.in.  In  either  case, 
if  the  aggregate  area  were  divided  equally  among  six  circular 
cross  section  Jets,  the  jet  diameters  would  fall  within  the 
range  frem  1*7  to  3*0  inches. 

The  operating  pressure  range  (p^  * 4000  psi  and  P?  * 2500 
psi)  for  whloh  these  calculations  have  been  oarried  out  is  not 
tiie  optimum  indicated  by  the  equation  derived  in  a later  section 
for  the  minimization  of  weight*  Larger  nozzle  diameters  would 
result  if  the  calculations  were  oarried  out  for  the  optimum 
pressure  range,  but  even  then  they  would  be  less  than  5 inches* 

Power  Plant 

The  hydrapult  would  require  a high  pressure  pumping  system 
with  a suitable  power  supply*  Indicated  below  are  two  types  of 
pumps,  one  mall  and  one  large,  which  are  currently  available* 

The  mall  one  would  be  useful  only  with  small  unit  accumulators* 
The  capacity  of  the  large  one  is  comparable  to  tbs  capacity 
required  if  but  a single  large  accumulator  is  used. 

1*  Dowty  Equipment  Ltd.,  Cheltenham,  England,  manufactures 
a small  two-stage  Vardel  pump*  which  has  the  following 
specifications t 

5 gpa  13*5  lbs*  weight 

4000  psi  85  % efficiency 

3000  rpm 

2*  The  Worthington  Pump  Co*  manufactures  a large  pump  which 
has  the  following  specifications} 

2I4Q  gpm  6000  lbs.  weight 

4000  pal  6300  horsepower 

10,000  rpm 

Thus  it  seems  that  there  is  available  at  least  one  pump  which, 
with  some  modification,  would  be  satisfactory  for  hydrapult 
servioe* 

The  ohoice  of  power  supply  will  dopena  upon  the  Dump  used 
as  well  aB  upon  such  factors  as  convenience,  resistance  to  battle 
damage,  ease  of  repair,  weight,  simplicity  and  reliability. 


h4 


# "Applied  Hydraulics,"  July  1952,  page  90 


Possible  power  buddII©*  are  the  ©lee trio  motor,  th©  steam  fcuroina, 
th©  gas  turbine  and  th©  piston  type  aircraft  engine*  Prom  th© 
standpoint  of  convenience,  reals tenoe  to  battle  damage,  ©as© 
of  repair,  and  reliability,  th©  eleotric  motor  is  th©  most 
desirabla*  Th©  chief  disadvantage  of  the  eleotric  motor  la 
the  weight  per  horsepower.  For  instance,  the  electric  meters 
used  to  supply  power  to  thf  present  H-6  catapult  weigh  20 
lb  s/ho  rae  power.  A I4.0  x 10®  ft. lb.  hydrapult  firing  at  30-aeo. 
intervals  would  require  about  7500  horsepower.  If  20  Ib/horse- 
power  electric  motors  were  used  the  weight  of  the  motors  would 
be  150,000  pounds.  Possibly  by  using  evaporative  cooling 
techniques  the  weight  to  power  ratio  oould  be  reduced  to  4 0T 
5 lbs/horsepower.  This  would  reduce  the  weight  of  the  required 
power  unit  materially. 

If  the  high  pressure  pump  operates  at  a high  speed,  say 
10,000  rpm,  gas  or  steam  turbines  might  be  used  to  advantage 
because  of  their  light  weight  and  their  relatively  high 
effloienoy  at  high  speeds. 


This  section  will  deal  with  the  general  design  of  a proposed 
kO  x 10®  ft. lb.  hydrapult  capable  of  accelerating  a dead  load  of 
50,000  lbs.  at  4g  over  a 200- foot  power  run.  This  acceleration 
and  run  load  to  an  end  speed  of  227  ft/sec.  (155  mi/hr.  or 
135  knots).  With  a 30  knot  wind  over  the  deck,  this  speed 
corresponds  to  an  air  speed  of  165  knots  (169  mi/hr. )•  Th© 
discussion  of  this  proposed  hydrapult  will  d©al  first  with 
general  features  of  the  design,  seoond  with  the  required  power 
plant,  and  third  with  the  weight  of  the  installation. 

general 

The  mass  to  be  aocele rated  will  consist  of  a dead  load 
of  50,000  lbs.  and  a shuttle  with  buckets  of  about  4°00  lbs., 
a total  mass  of  54*000  lbs.  Asnuming  that  the  frictional  foroe 
is  14,000  lbs.,  the  Jets  must  exert  on  th©  shuttle  a foroe 
given  by 


p « 54*000  x 4 + 14*000  * 230,000  lbs. 


Preliminary  calculations  have  indicated  that  an  average 
accumulator  pressure  of  3000  pel,  corresponding  to  a jet  velocity 
of  about  666  ft/seo.,  represents  a good  compromise  between 
conflicting  fluid  volume  and  power  plant  requirements,  as  the 
Jet  velocity  is  increased,  the  total  weight  of  fluid  is 
decreased,  but  since  the  efficiency  decreases  the  size  of  the 
power  plant  will  increase.  A representative  plot  of  the 
variation  of  these  two  requirements  for  a slightly  smaller 
capacity  hydrapult  is  shown  on  the  following  page. 
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Since  constant  pressure  operation  is  difficult  if  net 
imposEiblc  to  obtain,  & pressure  range  from  4 OCX)  psi  initial 
to  2500  psi  final  was  selected*  This  corresponds  to  a pressure 
ratio  of  1.6-  With  air  as  the  working  medium,  and  with  an 
adiabatic  expansion,  the  ratio  of -final  to  initial  volume  will 
be 
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Step  by  step  oaloulationa  at  one-foot  intervals  have  shewn 
that,  using  water  as  the  fluid,  a thsoretioal  amount  of  water 
of  12,700  lba«,  or  204.  ou.ft*,  would  be  required*  If  & 10  % 
increase  for  contingencies  is  allowed,  the  total  displacement 
water  would  have  a volume  of  224  cu*ft*  and  a weight  of 
14,000  lbs.  From  the  same  step  by  step  calculations,  the 
total  initial  air  volume  in  the  aoova&ulatora  was  found  to  be 
508  ou.ft.  At  the  end  of  the  run,  the  total  air  volume  will 
be  the  sum  of  508  and  224-,  or  73 2 ou.ft*  These  figures  cheek 
well  with  the  quantities  calculated  from  the  more  general 
development  in  Appendix  A* 

Power  Plant 

The  pump  oapacity  must  be  aufrlcient  to  force  e volume  of 
water  equal  to  the  displacement  volume,  224  cu*ft.,  into  the 
high  pressure  accumulators.  The  pressure  against  which  the 
pumps  must  work  la  initially  2500  psi  and  rises  to  4000  psi 
as  the  accumulator  rams  are  returned  to  battery*  If  a 30- 
second  launching  interval  is  used,  the  volume  of  fluid  pumped 
per  minute  will  be 


Q * 


224  x 2 x 1728 
231 


■ 3350  gpo. 


Using  3250  psi  as  the  average  pressure  against  whioh  the  fluid 
must  be  pumped,  and  assuming  a pump  efficiency  of  85  one 
finds  that  the  power  required  la 

Power  * 0.000583  " 0*000583  ~~~ — “ 7470  horssnawet*. 

S O.Sp 


The  pump  must  be  capable  of  delivering  3350  gpm  against  a 
maximum  pressure  of  4000  psi*  Two  of  the  Worthington  pumps 
mentioned  on  page  22  would  constitute  an  adequate  arrangement* 
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2b*  pump  may  be  driven  by  any  suit sole  prim*  mover*  Fro® 
the  standpoint  of  convenience  an  * lectric  sots-  drive  would  h* 
most  satisfactory.  However,  to  produce  an  output  of  approximately 
7500  borsepower  from  induction  motors  weighing  even  as  little  as 
5 pounds  per  horsepower  would  require  a motor  weight  of  3?»£00 
lbs*  If  the  saving  in  weight  is  deemed  to  justify  the  added 
complexity,  air o raft  type  engines  or  gas  turbines  weighing 
perhaps  2 pounds  per  horsepower  oould  be  used.  Iheir  use  would 
reduce  the  prime  mover  weight  to  about  15,000  pounds* 

Tbe  over-all  effioienoy  of  the  hydrepult  from  prime  mover 
shaft  to  kinetic  energy  of  the  plena  would  be 

E « AT.r«g.  pwr  output  x 100  . LUiLLlS. x 100  = 32  i . 

Average  power  input  7470  x 33*000 


weight  gstimates 

The  over-all  weigit  of  the  proposed  40  x 10^  ft. lb* 
hydrapult  will  now  be  estimated  by  considering  individually 
the  probable  weights  of  the  components* 


Accumulator 

In  later  oona Ida rations  having  to  do  with  the  minimisation 
of  the  weight  of  the  hydrapult,  an  expression  giving  tin*  we  Xght 
in  pounds  of  a spherical  steel  accumulator  of  volume  V cu.ffc* 
and  maximum  pressure  pel  is  developed  on  the  assumption  that 
a stress  of  26,000  psi  is  allowable  in  the  oteel.  This  expression 
(see  page  31)  la 


Wt.  » 0.028  ?1  V • 

The  proposed  hydrapult  requires  an  accumulator  of  732  ou.ft* 
volume  (see  page  25)  operating  at  a maximum  pressure  of  4000  pal. 
Substituting  those  numerical  values  into  the  above  expression 
gives  the  following  weight  for  the  accumulator* 


Wt.  « 0.029  x 4000  x 7 32  « 82,000  lbs. 


Puap 

Tbe  Worthington  pump  mentioned  on  page  22  operates  at 
4000  psi,  has  a capacity  of  2140  gpm,  and  weighs  6000  lbs. 

Sinoe  the  proposed  hydrapult  requires  a pump  which  will  furnish 
3350  gpm,  it  is  reasonable  to  suppose  that  the  weight  of  this 
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larger  pump  will  be  given  approximately  by 
Wt.  s 8000  « 12,500  lbs. 

£140 


Power  Plant 


The  proposed  hydrapult  requires  e power  plant  of  approximately 
7500  horsepower.  If  electric  motors  weighing  5 lbs/horsepower  are 
used,  the  welgit  of  the  power  plant  would  be 


Wt.  - 5 x 7500  * 37,500  lbs. 


Pipe  (Including  No axle a) 

In  later  oonaide rations  having  to  do  with  the  minimisation 
of  the  weight  of  the  hydrapult,  an  expression  is  deduced  for  the 
weight  of  steel  pipe  of  density  430  lbs/cu.ft.  and  maximum 
allowable  stress  26,000  psl  which  would  be  required  for  an 
installation  operating  at  maximum  pressure  P^  pel,  having  a 
fluid  displacement  cu.ft.,  and  providing  a terminal  velocity 
V{.*  This  expression  (see  page  34)  ie 

-7  2 

Wt.  - 5-0  x 10  ' vt  P1  Vd  « 


This  expression  should  provids  an  adequate  allowance  for  the 
noszles  also*  The  proposed  hydrapult  operates  at  a maximum 
pressure  of  4-000  psl,  requires  a fluid  displacement  of  22k 
and  provides  a terminal  velocity  of  227  ft/sec.  Substituting 
these  numerloal  values  into  the  above  expression  leads  to  tha 
following  weight  of  the  piping. 

Wt.  « 5.0  x 10*7  x 2272  x 4000  x 224  - 23,000  lbs. 


Control  Bqulpaent 

The  weight  of  the  control  equipment  needed  is  estimated 
as  10,000  lbs. 


Shuttle 


The  weight  of  the  shuttle,  including  buckets,  is  estimated 
as  4000  lbs. 


f 
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Water  Brake 

In  view  of  NAMC  Report  M-SHO  entitled,  "Performance 
Analysis  for  the  Proposed  XC-?  Catapult, " the  weight  of  the 
water  brake  required  to  atop  the  shuttle  is  estimated  as 
5000  lbs. 


Re trieving  Mechanism 


The  weight  of  the  shuttle  retrieving  mechanism  is  estimated 
as  3000  lbs. 


The  air  charge  in  the  accumulator  is  assumed  to  be  at  a 
temperature  of  120°  P,  Since  the  accumulator  contains  508  ou.ft. 
of  air  (see  page  25)  at  a pressure  of  4-000  psi,  the  weight  of 
the  air  is  given  by 

P V 4000  x 144  x 508  . 

wt-  ’ Ft gJoT'gso 9*so°  lbs- 


Fluid 

The  total  volume  of  fluid  in  the  system  is  assumed  to  bs 
twice  the  displacement  volume.  Hie  displacement  volume  is  224 
ou.ft.  (see  page  25),  If  this  fluid  is  assumed  to  be  water. 
Its  weight  will  be 


Wt.  =■  2 x 224  x 62,4  * 28,000  lbs. 


Fittings 

The  weight  of  fittings  is  estimated  arbitrarily  as 
10,000  lbs. 


Contingencies 

An  additional  10  per  cent  is  allowed  for  contingencies. 


total  Weight 

Tfa®  estimated  weights  of  the  components  of  the  proposed 

hydrapult  are  assembled  In  the  following  table* 


Component  Satlaated  Weight 


Accumulator 

62,000  lbs. 

Pump 

12.500 

Power  Plant 

37.500 

Pipe  (Including  Bossies ) 

23,000 

Control  Bquipmant 

10,000 

Shuttle 

i+.ooo 

Water  Brake 

S.ooo 

Retrieving  Mechanism 

3.000 

Air 

9,500 

Fluid 

»,000 

Fittings 

10.000 

Subtotal 

224,500 

Contingencies  10  % 

22.500 

Total  weight 

247,000  lbs 
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MINIMIZATION  OP  WEIGHT 

5? In oe  t he  ohoioe  of  a number  of  parameters  enters  into  the 
design  of  a hydrapult,  It  seems  worthwhile  to  examine  tha  effect 
of  the  variation  of  certain  parameters  on  the  total  weight  of 
the  Ay  ur  a pul  t,  in  this  section,  the  refers  t certain  definite 
as  sump  tiers  conoeming  the  design  will  be  made  and  the  total 
weight  will  be  expressed  in  the  form  of  an  equation*  The 
relation  existing  among  certain  parameters  for  the  condition 
of  minimum  weight  will  then  be  found* 

The  components  of  the  hydrapult  which  will  require 
consideration  are  assumed  to  be  as  follows: 

Spherical  Accumulator 

High  Pressure  Pump 

Prime  Mover  for  High  Pressure  Pump 

High  Pressure  Piping  System,  Including  Nostales 

Air  Charge  in  Accumulator 

Fluid  in  System 

Control  Equipment 

Water  Brake  for  Shuttle 

Shuttle 

Retrieving  Mechanism 

Fittings 

Contingencies 

A general  expression  will  now  be  developed  for  the  weight  e t 
each  Individual  component*  The  several  expressions  will  then 
be  added  to  give  the  total  weight  of  the  hydrapult* 


Expression  for  Weight  of  Eaoh  Component 

In  order  to  investigate  the  possibility  of  minimising  the 
weight  of  the  hydrapult  by  proper  selection  of  oertaln  parameters. 
It  will  be  necessary  to  express  the  weight  in  terms  of  these 
parameters*  The  parameters  chosen  are  initial  pressure,  initial 
volume  of  the  air  charge  in  the  accumulator,  fluid  displacement 
volume,  and,  in  one  instanoe,  the  terminal  velocity* 


Accumulator 


The  aooumulator  will  be  assumed  to  be  spherloal  in  shape* 
It  oan  be  shown  that  for  the  asms  configuration  and  the  same 
stress  in  the  material,  the  total  weight  of  accumulator 
necessary  to  contain  a given  volume  is  independent  of  the 
number  of  accumulators  used*  One  aooumulator  large  enough  tc 
oontain  the  necessary  volume  will  therefore  be  assumed  for  the 
purpose  of  this  weight  calculation* 

For  a thin  walled  epherioal  vessel  of  inside  diameter  D 
(or  inside  radius  r)  and  wall  thickness  t subjected  to  on 
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interior  pressure  Pi,  the  strata  S ia  given  approximately  fey 


D 


8 


h . LSi 


4 t 


2 t 


If  the  allowable  stress  it  taken  a*  26,000  pel,  the  required  wall 
thickness  is 

r h _ r 

4 ' Ts"  * 537535  pl  • 


The  weight  of  a apherieal  shell  of  inner  radius  r,  wall  thickness 
t and  density  is  given  approximately  by 

l^irr^/Q 


Wt. 


lfVr2t/»  ■ 


ooo 


P-  • 


But 


4wr^  * 3 V 


where  V is  the  volume  contained  by  a spherical  shell  of  inner 
radius  r.  If  one  substitutes  this  in  the  equation  for- the 
weight,  and  aeaumss  the  material  to  be  steel  of  density 
480  lbs/ou.ft.,  ha  obtains 


Wt.  » I-LAS2  Pi  V - 0.028  Pi  V . 
52,000 


• These  expressions  are  correct  only  for  a vessel  with  a 
vanishingly  thin  wall.  Mol's  rigorous  expressions  could 
be  used.  They  lead  to  a more  complex  expression  for  the 
weight.  Since  the  entire  estimate  of  weight  ia  only 
approximate,  and  since  at  a pressure  of  40C®  p&l  the 
approximation  used  here  introduces  an  error  of  lass  than 
5 per  cent,  the  added  simplicity  warrants  it*  use.  The 
approximate  method  yields  a weigh t which  is  slightly  too 
low* 


High  Pwiiast  pump 

The  aquation  for  the  vmldit  of  the  high  pressure  pump  la 
based  upon  information  concerning  a high  pressure  puep 
manufactured  toy  the  Worthington  Fasp  Company#  this  pump 
{pags  22)  has  an  output  pressure  of  4&QQ  psi,  a capacity  of 
2I4O  gym,  and  a speed  of  10,000  rpn.  It  weighs  3000  lb*# 

An  input  power  of  6 300  horsepower  is  required  to  drive  the 
unit# 


If  & launching  oyole  of  30  se sonde  ie  assumed,  snd  if  the 
value?  of  the  displacement  fluid  in  cu.ffc*  (volume  of  fluid 
through  all  the  nossles)  ie  denoted  toy  Vd#  the  following 
expression  gives  the  pump  eapaoity  required# 

2 Va  x 1726  , „ 

Oapaoity  • mvrrm  “ *w»95  Vd  gpm 


If  the  further  assumption  that  the  we ight  of  the  pump  is 
directly  proportional  both  to  the  capacity  and  to  the  pressure 
Is  made,  one  obtains  the  following  for  the  weight  of  the  pxssp# 


Wt. 


« 8000  x 


14*95  Vd 
21^0 


*1 


0.014  ?!  vd 


Prime  Mover  for  nigh  pressure  Pw#ap 

The  weight  of  the  prime  mover  to  drive  the  pump  will  depend 
greatly  upon  the  type  of  prime  mover  chosen#  Although  the  ohoioe 
will  be  determined  by  a number  of  fee  tors,  a turbine  drive  would 
offer  son  distinct  advantages  if  the  prop  used  were  one  of  high 
speed#  It  appears  that  aircraft  type  gas'  turbines  having  a 
weight  to  power  ratio  approaching  1 Ib/horse power  may  be 
feasible#  The  8000»lb#  Worthington  puu^  mentioned  previously 
requires  a prime  mover  of  63OO  horsepower#  As  an  approximation, 
therefore,  it  will  be  assumed  that  the  weight  of  the  prime 
mover  is  equal  to  the  weight  of  the  pump#  Accordingly, 


Wt#  - 0.014  px  Vd  • 


High  Pressure  Piping  System#  Including  ilotslee 

For  a cylindrical  pipe  of  inside  diameter  D and  wall 
thickness  to  eubjsoted  to  an  interior  pressure  Ft,  the  street 
3 is  given  by 


S 


D Px 


IT  the  EV.lf»w  allowable  stacks*  is  taken  as  26,000  psi , «*• 
requirad  wall  thickness  la 

?1  D 

‘■TT*  51^35  r l • 

The  weight  o f a pipe  of  length  L*  Inal  da  diameter  0 and  wall 
thickness  t la  given  approximately  by 

«•  ngPluo 

Wt.  « trDtL/O  * pl 


where  />  ie  the  density  of  the  material* 

It  has  been  assumed  that  the  total  amount  of  fluid  In  tie 
system  is  twice  the  displacement  volume  V**  If  one  assises  a 
3$ -second  interval  between  hydrapult  shots,  and  designs  the  - 
piping  system  so  that  the  maximum  velocity  of  fluid  flow  la 
100  ft/seo*,  he  can  write 


- t>2  2 

~~  x 100  - -yr 


Bonos 


2 

n TT  m 


k Vd 


Substituting  this  Into  the  last  equation  above  for  the  weight, 
assuming  that  the  pipe  la  of  a tael  having  a density  of  4&0 
lba/ou.ft..  and  performing  the  indicated  operations,  one  obtains 
the  following  for  the  Weight  of  the  pipe* 

4 x 4^°  L Pi  Vd  . mc 

~ 1555  »"fl;doo-  - 2-5  * 10  L fi  v*  “ L’  hTd 


where 


L«  - 2,5  x 10' 


« This  expreaaion  la  oorreot  only  for  a pipe  with  a vanishingly 
thin  wall*  A mors  rigorous  expreaaion  could  be  used*  It 
leads  to  a more  complex  expreaaion  for  the  weight*  Since  the 
entire  estimate  of  weight  is  only  approximate,  and  since  at 
a pressure  of  4000  pal  the  approximation  introduces  an  error 
of  only  6 per  oent,  the  simplicity  of  the  expression  to  which 
it  leads  warrants  its  use*  The  approximate  method  yields  a 


weight  which  is  slightly  too  low* 


k**Vh 


|pf&rv  m 


3k 


The  length  of  pipe  L will  depend  upon  the  &s  feign  fif  the 
hydrapult.  In  particular,  it  will  depend  upon  tbs  length  of 
the  run  | it  tri.ll  not  depond  appreciably  upon  the  design  we«  1- 
eretlon.  As  a considered  estimate,  let  it  be  assisssd  that  for 
a 200-foot  run  1000  feet  of  pipe  are  required*  This  amount 
should  provide  an  adequate  alloxans©  for  the  nosslse  alss« 

Henoe,  L?  e 0*02$  and 

Wt.  « 0.020  Px  Vd 

if  In  order  to  obtain  a higher  design  terminal  velocity  «ne 
uses  the  same  design  aooeleration  but  a longer  accelerated  run. 
one  can  argue  with  sons  logio  that  the  length  of  the  pipe  would 
be  approximately  proportional  to  the  square  of  the  terminal 
velocity*  Lev  it  be  aseuaed  that  this  proportionality  exists* 
Consistent  with  the  aaeusptlon  of  1000  feet  of  pipe  for  a 200® 
.foot  run,  the  length  of  pipe  required  for  any  design  velocity  v* 
obtained  with  an  aooeleration  of  4g  is  given  by 


L ■ 0*020  v$4 


frost  whieh  L*  ■ 5*0  x 10*7 
Substituting  this  valus  Into  the  expression  for  the  weight, 

Wt.  « 5.0  x 10*7  v%2  Px  V4  . 


Emphasis  has  been  plaoed  upon  tha  dependence  of  pipe  weight 
upon  t*  mainly  for  °na  reason.  The  process  of  minimising  the 
hydrapult  higbt  depends  upon  whether  the  weight  le  a function 
of  the  terminal  velocity.  By  way  of  example,  it  le  desired  te 
minimise  the  weight  both  under  the  condition  where  the  weight 
is  not  a funotlon  of  v*.  and  where  it  is  a funotion  of  As 
will  be  seen  later,  th£  results  are  somewhat  different* 


Air  Charge  In  the  Aooumulator 

The  weight  of  the  air  in  the  accumulator  oan  be  calculated 
from  the  general  gas  formula.  If  the  temperature  is  taken  as 
120*  P*,  the  pressure  as  Pi  psi  and  the  volume  as  Vn  ou«ft*, 
the  weight  of  the  air  is  given  by 


Wt, 


IkkflVl 

irrr 


yiuld  in  the  System 

It  has  been  assumed  that  the  total  volume  of  fluid  in  the 
system  is  twles  the  displacement  velvets  Vd.  Assuming  that  the 
fluid  is  water,  one  obtains  the  following  for  its  weight* 


Wt.  * 62.it  x 2 V„  • 120  V,, 


Retaining  Components 


The  veldts  of  other  components  of  the  hv&rapuit  will 
deoend  but  little  if  any  upon  the  pressure  end  volume  chosen. 
Some,  the  water  brake  for  example*  will  depend  upon  the  terminal 
velocity.  In  fchs  general  case  these  weights  should  really  be 
expressed  in  terns  of  v*;  and  any  additional  parameters  necessary* 
in©  weights  of  these  other  components  arc  relatively  small*  how- 
ever, and  the  manner  in  which  they  are  handled  will  have  but 
little  effect  upon  the  results.  They  will  therefore  be  assumed 
constant*  with  the  values  shown  in  the  following  table.  Th* 
manner  in  which  the  weight  of  the  pipe  is  handled  will  serve  ae 
an  exaaq>le  of  the  prooedure  to  be  followed  if  one  should  desire 
to  express  some  of  these  weights  as  functions  of  vt. 


Control  Equipment 
W&tsr  Brake 
Shut  tie 

Retrieving  Mechanism 
Fittings 


Total 


Assumed  Woigj 
10*000  lbs. 

5.000 

4.000 

3.000 

10,000 

32,000 


iression  for  the  Total  Weight 


An  expression  has  been  deduced  for  the  wei^it  of  eaoh 
component  of  the  hydrapult.  The  total  weight  of  the  installa- 
tion is  the  sum  of  the  several  expressions.  Thus, 

Total  Wt.  » 0.02C  Px  V + 0.014  Pi  Vd  + 0.014  Vd 
+ 5.0  x IQ”7  vt2  Px  Vd  + 0.0047  Px  Vx 
+ 125  Vd  + 32,000  . 

The  total  accumulator  volume  V can  be  expressed  in  terms  of  the 
initial  air  volume  Vi  and  the  fluid  displacement  volume  Vd. 

That  is,  V ■ Vi  + Vd»  if  one  eliminates  V from  tho  last  equation 
above  and  collects  similar  terms,  he  obtains  the  following. 

n 2 

Total  Wt.  «=  (125  + 0.056  ?1  + 5.0  x 10”'  vt  ?x)  V'd 

+ 0.033  px  vx  + 32,000 

An  addition  of  10  per  cent  will  be  allowed  for  contingencies. 

Thus  the  final  expression  for  the  weight  of  the  hydrapult 
installation  becomes 

Total  Wt.  •«  (137  + 0.062  ?1  + 5.5  x 10"7  vfc2  Px)  Vd 


+ 0.036  ?1  V1  + 35,000 


Minimisation  of  the  Total  Weight 

It  is  desire a to  minimise  the  total  weight  of  a hydrapult 
installation  designed  for  any  specified  terminal  velocity.  In 
order  to  do  this  it  la  necessary  that  and  V,?  which  appear 
in  the  expression  for  total  weight  he  expressed  in  terms  of 
other  quantities.  Let  R * P^/Pp*  the  ratio  of  the  initial 
to  the  final  gas  pressure  ln^thf  accumulator.  For  an  adiabatie 
expansion  from  volume  to  volume  V2 

v v . k 

h V1  * p2  v2  8 p2  (V1  4 Vd} 


from  which 


♦ Vd 


and 


In  order  to  evaluate  Vj,  it  will  be  neoesa&ry  to  use  the 
following  expression  (page  §9)  which  is  developod  in  Appendix  A. 


'd 


In  this  equation  M is  the  load  in  lbs.,  p the  donsity  of  the 
fluid,  v^  the  terminal  velocity  of  the  load,  and  v^ff  the 
effective  jet  velocity.  It  will  now  be  neoessary  to  determine 
the  average  effective  Jet  velocity  to  use  in  this  equation. 
Although  the  calculation  will  be  carried  out  on  the  assumption 
that  unit  accumulators  each  supply  only  a few  jets,  the  results 
should  not  be  greatly  different  were  one  large  aoeuinulator  to  be 
used. 


The  manner  in  which  the  jot  velocity  varies  with  time  has 
been  considered  earlier.  This  consideration  led  to  the  follow- 
ing  relation  (page  11),  in  which  C ■ 12.18  CT  where  cy  is  the 
nozzle  coefficient,  and  in  which  A^  is  the  nozzle  area. 


VJ 


C 


CA 


k+2 

n ”2” 


t 4-  V. 


(k+2)/2 


-k/(k+2) 


J 


W 


ms 


Assuming  that  G*  * 0.98,  knowing  that  - v-  Cos*  in  vhioh  5 
is  assumed  to  be  15°  (in  >Aiiah  easa  C **  il.9  and  C Gee  <s  *»  11  *5)» 
and  rearranging  terms,  one  obtains 

A -k/(k+2) 

= 11.5  v^i  f 11-9  ^ * * 1 


In  order  to  find  the  average  effective  jet  velocity  during  the 
time  interval  t * 0 to  t * T,  during  v&ich  the  pressure  changes 
from  its  initial  value  ?x  to  its  final  value  Pg  * P^/H,  one  sets 


AV.  * « I T*ff  * 


Substituting  the  value  of  vAff  given  above,  performing  the 
integration,  substituting  the  limits,  and  inserting  the  value 
k ■ 1.40,  one  obtains 

n.Q7  v.  \~r  a_  T -.0*568  ~j 


Av.  ▼ 


0.9?  VX  r 


sff  Aa  T 


r A-,  T “|0.568 

|.  20.3  V^i  “S—  ♦ 1 - 1 

L 1 vi  J 

, MM. 


For  convenience  write 


Ajj  T 

/ - 20.3  • 


Then 


Av.  v. 


19.7  V^x 


7 r 1 

"off  “ 7 |/  + y ' * ] ' 

By  evaluating  the  equation  for  v«  on  page  36  to  obtain  the  initial 
Jet  velocity  Tj  it  t ■ 0 and  the Jf Inal  Jet  velocity  vg  at  t * T, 


0.588 


j6t  velocity  Tj  it  t ■ 0 and  tha' 
one  finds  that 

_ (k+2)/k 

(fi).a 


2.428 


Furthermora, 


ii . y£i  - vs- . 


MaMtMNHENNMI 


-4  mail 


36 


Hence 


(<  ♦ 1) 


li 


« R 


1.214 


Substituting  this  value  of  (r  + 1)  and  the  corresponding  value 
of  r in  the  third  from  the  last  equation  on  p&g*  37*  on*  finds 
that  the  average  effeotive  jet  velocity  is  given  by 


At.  >,rt  ■ 19.7  y/f{ 


- 1 

- 1 


The  purpose  of  finding  this  average  effective  Jet  velocity 
has  been  to  use  it  in  calculating  Y^»  If  the  value  found  be 
substituted  into  the  equation  for  given  on  page  36.  one  finds 


that 


Vs  * - 


}r 


In 


1 - 


[r1*2*  - 1] 


19.7  H0*721*’  - 1 J 


How  that  expressions  for  V.  (peg®  36)  and  (Just  above) 
are  available,  it  is  poesibls  to  express  the  total  wei^t  of  the 
hydrapult  installation  in  terns  of  quantities  which  are  suitable 
for  investigating  the  possibility  of  minimi  Ration*  The  total 
weight  of  the  hydrapult  (page  35)  has  been  shown  to  be 

7 2 

Total  Wt.  - (13?  + 0,062  P1  * 5.5  x 10’ ' vt  Px)  Vd 
♦ 0.036  px  v1  + 35,000  • 

If  the  values  of  V.  and  V4  are  substituted  into  this  equation, 
one  obtains  for  the  total  weight  of  the  hydrapult 

[R1-2*  - X] 


Total  Wt. 


M 


In 


1 - 


19.7  y/P{  R°’71i*  - l]J 


137 


-7  J 


+ 0.062  P-  ♦ 5.5  X 10  ' T*  P.  + 0.036  P,  — 

- - « a ( 


r0»7Ua  . x 


+ 35,000 


c 


\ 


tut* 

39 


Ihie  expression  takes  account  of  the  faot  ti*»t  the  weight 
of  the  pips  required  is  a funotion  ox  vt . **  pointed  out  o« 

pages  33  and  34>*  the  weight  of  the  pipe  is  given  by 


Wt*  » L*  Fi 


where  L*  » 0.Q28  for  * 200-foot  aeoelerated  run,  or  L1  * 

$•$  x 10“ ' v$2  for  any  length  of  run  whioh  results  in  a terminal 
velocity  v%  with  an  aoeeleration  4g.  These  numerical  values  of 
L*  include  the  10  per  cent  which  was  added  for  contingencies. 

In  order  that  the  minimisation  of  hydrapult -weight  oan  be  serried 
out  for  either  case,  the  tent  5*5  * 10“'  appearing  la  the 


out  for  either  case,  the  tern  5o  * 10“ * v**  app 
last  equation  on  page  3d  will  be  rsplaeed  by  L!  • 
weight  of  the  installation  beoamee 


Thus  the  total 


Total  Wt 


w r vt[Ri#2ii^-i]  ]1 

V L 19.7  - l]JJ 

0.036  P, 

♦ (0.062  ♦ L' ) ♦ -r=r ♦ 35,000  . 

R0.71h  . x 


It  la  desired  to  minimise  this  weight  for  any  chosen 
terminal  velcoltv  vt.  Two  interesting  facts  are  obvious  from 
the  equation.  First,  the  weight  of  the  hydrapult  is  dlreetly 
proportional  to  the  total  mass  N to  be  accelerated.  that  is* 
proportional  to  the  sum  of  the  mass  of  the  plane  end  tht  mass 
of  the  shuttle.  Seoond.  for  any  design  terminal  velocity  v* 
the  weight  of  the  installation  la  an  axpliolt  function  or  tfis 


the  weight  of  the  installation  Is  an  axpliolt  function  of  1 
variables  P*  and  R.  Thus,  proper  aeleotion  of  these  two 
variables  will  lead  to  a minimum  weight.  The  minimum  will 
oo our  when 


(Wt.)  - 0 


^ ■■  ( Wt. ) 

£r 


simultaneously.  In  order  to  find  the  values  of  ry  sad  R which 
make  these  partial  derivatives  sero,  one  differentiates  the  last 
written  expression  for  total  weight  with  respeot  to  P-*  end  with 


rasptot  to  R*  0# to  *&oh  dorivatiro  oquol  to  *oro,  and  ocItos 
the  resulting  two  simultaneous  equations  for  ?\  and  B.  The 
details  of  the  solution  are  given  in  Appendix  o,  page  S3,  where 
the  solution  has  been  oarried  out  for  eaoh  of  the  following 
oases t-  (a)  For  a hydrapult  with  a 200- foot  aoeele rated  run, 
regardless  of  aooeleration,  in  which  ease  L1  ■ 0,026 | (b)  For 
a hydrapult  of  any  length,  run  ^but  an  acceleration  of  1+g,  in 
which  ease  L*  ■ 5»5  * 10“'  v^z,  Minimisation  for  the  latter 
case  will  serve  as  an  example  of  the  procedure  to  be  followed 
in  ease  It  la  desired  to  express  the  voi°^t!  of  nwa  o»  mam 
components  ae  functions  of  v.  ae  well  as°of  and  R. 
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T&hX *£  included  in  Appendix  C give  the  values  of  P*  and  H 
required  to  minimi  te  the  we  I ah  t fop  various  veluot  of  tgrainsA  * 
"clccit-y  7*«  The  insults  are  somewhat  different  tor  the  two 
ease*  mentioned  above.  The  optimum  value*  of  Ps  and  S for  each 
oase  are  shews  by  the  curves  on  page  Ifl* 

It  should  be  emphasised  that  the  equation  for  the  total 
weight  of  the  hydrapult  is  baaed  upon  a eerie*  of  assumptions 
about  the  several  component* » if  different  design  assumptions 
are  made,  the  soraerioal  values  in  the  weight  equation  will  be 
ahanged.  if  rigorous  expressions  (for  example,  those  mentioned 
on  pages  31  and  33)  arc  used  throughout  for  calculating  the 
weights  of  components,  the  expression  for  total  weight  will 
include  power*  of  other  than  the  first  power*  Under  these 
oirevuastanoes  the  minimisation  is  more  difficult,  but  it  ean 
still  be  oarried  through*  The  important  oonolueion  ie  that 
there  will  always  exist  for  any  design  terminal  velocity  ▼*. 
am  optimum  initial  pressure  ?,  and  an  optimum  ratio  R or 
initial  to  final  pressure  which  will  lead  to  a hydrapult  of 
minimum  weight*  The  optimum  values  of  P.  and  R corresponding 
to  any  terminal  velocity  which  may  be  required  in  the  foreseeable 
future  are  not  impraotioabl*. 


By  obtaining  the  optimum  values  of  P.  and  R from  the  curve* 
on  pegs  41,  and  using  the  equation  for  total  weight  given  on 
page  39,  it  is  possible  to  calculate  the  weight  of  the  minimum- 
wei^t-hydrApult  required  to  give  any  design  lead  M any  design 
terminal  velocity  7* . For  sxanple,  let  it  be  desired  to 
aocelerata  a 50, 000* lb.  plan*  4s  * run  of  200  feet,  thus 
giving  the  plane  a terminal  velocity  cf  227  ft/sea*  rro*  tru 
curves  on  page  4l»  Pi  * 243°  P*1  “ R * 2.123*  Assuming  a 
kOOO-lb.  shuttle,  ana  assuming  a frlotional  force  of  lU.,000  lbs* 
(which  is  equal  to  the  foroe  that  would  be  required  to  aeoelerate 
an  additional  mass  of  3*500  lbs*  at  4g),  the  total  effaotlve  load 
M would  be  57,500  lbs.  Calculation  of  the  hydrapult  weight  free 
the  equation  on  page  39,  in  which  L*  ■ 0.026  in  this  instance, 
leads  to  a total  weight  of  183,000  lbs.  This  figure  for  the 
weight  of  a minimus- wight- hydrapult  should  be  compared  with 
the  estimated  voi^it  of  247,000  lbs.  (see  page  29)  for  a 
hydrapult  designed  to  accomplish  the  same  job  when  operating  at 
an  initial  pressure  of  4000  pel  and  with  a ratio  R equal  to  1.6. 
It  ia  clear  that  the  weight  cf  an  Installation  can  be  reduced 
materially  by  designing  the  hydrapult  to  operate  at  the  most 
favorable  values  of  and  R. 

The  weights  of  minimum-weight-hydrapulta  to  give  en 
effaotlve  load  of  57,500  lbe.  terminal  velocities  of  100,  200, 
22?,  300  and  375  ft/sec.  have  been  calculated  in  the  manner 
illustrated  above.  Calculations  have  been  mad*  for  the  two 
following  oases  1-  (a)  For  a hydrapult  having  a 200-foot 
aooelerated  run,  the  acceleration  being  whatever  is  rw»oessary 
to  produce  the  specified  terminal  velocity;  (b)  For  a hydrapult 
having  an  aooele ration  of  kg,  the  length  of  the  run  being 
whatever  ia  neoessary  to  produce  the  specified  terminal  velooity. 


The  results  ere  shown  by  the  curves  on  page  43*  It  is  isyortant 
to  note  that  at  the  higher  velocities  the  weight  of  an  ins t alia- 
tion  required  t«  produce  a given  terminal  velooity  ia  less  if 
this  higher  velocity  is  acquired  by  increasing  the  acceleration 
and  keeping  the  length  of  the  run  fixed  than  if  it  is  obtained 
by  using  a fixed  acceleration  and  increasing  the  length  of  the 
rim. 


It  should  be  pointed  out  that  although  the  curves  on  page  43 
are  for  sn  effective  load  of  57 #500  lbs.,  they  can  also  be  used 
to  determine  the  approximate  weight  of  an  installation  required 
for  any  other  load*  In  the  development  of  the  expression  for  the 
weight  it  was  assumed  that  the  weights  of  certain  ccrrponents  of 
the  hydrepult  remain  constant  and  that  they  total  35,000  lbs • 

(See  page  35#  end  recall  that  10  per  cant  has  been  added  for 
contingencies.)  If  these  weights  actually  remain  constant  the 
weight,  Wt.g#  of  a hydrepult  fbr  an  effective  load  Mg  would  be 

Ho 

wt.  ■ ~ (wt..  - 35,000)  + 35,000 

2 Sj  a 


where  Wt.^  Is  the  weight  of  the  installation  for  aatapulting  an 
effective  load  Mj.  for  which  the  assumed  constant  weights  are 
presumably  correct.  Actually,  as  the  mass  of  the  load  increases 
the  weights  of  at  least  some  of  these  components  would  Increase. 
They  might  even  Increase  in  such  s manner  as  to  be  proportional 
to  the  mass  being  catapulted.  In  this  case  one  could  writa 


Wt. 
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It  is  of  interest  to  compare  the  estimated  weights  of 
hydrapulta  for  different  terminal  velocities  with  the  weights  of 
other  types  of  catapults.  Weight  versus  terminal  velooity  data 
for  H-tvpe  and  C-type  catapults  have  been  taken  from  NAMS  Report 
No.  M-4&05  entitled*  "Comparison  of  Hydraulic  and  C-Type  Catapults, 
and  dated  October  1943*  They  are  reproduced  by  the  curves  on 
page  44*  On  this  page  also  are  weight  versus  terminal  velooity 
curves  for  hydrapults  designed  to  catapult  dead  loads  of  25,000, 
50,000,  100,000  and  200,000  lbs.  at  various  terminal  velocities 
attained  with  an  aooela ration  4s  = Hie  second  expression  given 
above  was  used  in  calculating  these  weights.  Inspection  of 
the  curves  shows  that  the  estimated  weight  of  a hydrapult  is 
comparable  throughout  to  the  weight  of  an  equivalent  C-typ« 
catapult.  Furthermore,  the  weight  of  a hydrapult  inoreasen 
no  mors  rapidly  with  increases  in  terminal  velocity  than  it 
does  for  a C-type  catapult. 


H-TYPE 

C-TYPE 

HYDRAPUI 


ip 


The  calculation  of  the  performance  curve  (load  versus 
terminal  velocity)  Tor  a given  hydrapult  depends  upon  the 
method  of  calculation  used  in  date  mining  its  design)  the 
result  is  necessarily  8 one  What  approximate*  To  simplify  the 
calculations  of  performance,  use  Is  made  here  of  the  as  sump  ti  one 
described  end  the  results  obtained  in  Appendix  A for  an  idealised 
hydrapult*  Prom  the  tabular  results  given  (page  68)  is  Appendix 
A 4,  a curve  of  hydrapult  load  versus  terminal  velocity  can  be 
constructed  for  either  of  two  operating  conditions,  constant 
pressure  or  constant  total  energy  input*  In  the  following  the 
superscript  * shall  refer  to  the  value  for  the  design  load* 

Constant  Operating  Praaaurs 

At_ constant  pressure  the  jet  velocity  v5  is  constant  for 
all  loada  and  equal  to  v**,  that  for  the  assign  load*  The 
terminal  velooity  vt  is  therefore  proportional  to  the  quantity 
Vt/T®ff  given  in  the  table  on  page  66T  of  Appendix  A ae  a 
function  of  the  load  M.  In  particular,  for  the  hydrapult 
designated  in  Appendix  A as  Case  A,* 


vt  * 750  x 0.98  * 735  Vt/Yeff  *t/eeo* 

» 435  TtAeff  toots  . 

Per  the  hydrapult  designated  as  Case  B,# 

vt  * 695  x 0*98  v^/v#ff  " 881  r^/v#ff  ft/seo* 

■ 4°3  Yt/Teff  toots  • 


The  table  on  page  66  in  Appendix  A gives  corresponding  values  of 
load  M and  the  quantity  v*/v#yy  for  both  oases*  The  constant 
pressure  is  3790  pel  for  case  A and  329?  pal  for  Case  B*  The 
calculated  values  of  load  M and  terminal  velooity  v*  at  constant 
pressure  are  shown  for  both  hydrapulte  in  the  table  on  page  48 
and  by  the  curves  on  page  49* 


e Case  A represents  a hydrapult  vhioh  will  give  a total  load  of 

100.000  lbs.  an  acceleration  of  3*5g  And  a terminal  velooity 
of  300  ft/seo.  in  a 400-foot  run*  It  has  100  nosslos  spaeed 
4 feet  apart,  and  the  fluid  dlsplaoement  is  4 20  ou.ft*  It 
operates  at  a pressure  of  3790  pel. 

Case  B represents  a hydrapult  whiofa  will  give  a total  load  of 

50.000  lbs*  an  acceleration  of  4*0g  and  a terminal  velooity 
of  227  ft/seo.  in  a 200-foot  run*  It  has  100  noszlea  spaced 
2 feet  apart,  and  requires  a fluid  displacement  of  162  ou.ft 
It  operates  at  a pressure  of  3250  pais 


At  constant  total  energy  input  • quail  to  that  require*  fa* 
the  da sign  Load,  tha  end  speed  is  calculated  frees  tabulated 
valus  of  v$/ ▼* rr  corresponding  to  tha  arbitrary  load  M,  &ad  tfcs 
calculated  value  of  the  Jet  velocity  v*  required  to  giv®  the 
arbitrary  load  the  specified  constant  energy  input*  Using 
equations  34-  »nd  of  Appendix  A,  one  finds  that  the  ooaitsnt 
total  energy  input  is  given  by 

M*  ?<**  r .t  M ri2  r 


Likewise,  one  finds  that  the  required  jet  velocity  v*  is  glTon  by 


Incidentally,  since  the  pressure  P ■ 

_ K9  ^L1  ' ^t/T#ff>°] 


This  gives  the  pressure  P required  to  furnish  the  oonstant 
energy  input  5^v  to  the  arbitrary  load  M. 

How  the  end  speed  ▼*.  is  given  by 


1 ” (^t/veff 


The  table  on  page  68  of  Appendix  A gives  for  each  value  of  the 
load  M the  o on-* spending  value  ef  vv/r0ff  • Prow  the  equations 
above  one  calculates  the  corresponding  end  speeds  v*  and 
pressures  ?.  Inserting  numerical  values  for  the  design  load, 
one  obtains  for  the  hydrapult  designated  as  Case  A, 


knots 


< 


8.635  x 10? 


“ log 


1 - <Vveffi 


For  til*  hydrapult  d* sign* ted  a*  Gass  B, 


U78  x 10^  (rt/r0ff) 


knots. 


i - ( VT*ff> 


2.865  x M3 


K log 

1 - 


The  calculated  values  of  load  M and  t«mlnal  veloci  ty  v*.  at 
constant  energy  Input  are  shown  for  both  hydrapults  In  the  table 
on  page  48  and  by  the  ourres  on  page  49*  Hie  table  also  lists 
the  corresponding  values  of  the  pressure  p. 

The  figure  on  page  49  gives  six  performance  curves. 

Curves  Ap  and  Bp  are  for  the  two  hydrapults  operating  at 
oonstant  pressure)  curves  Ag  and  Bg  are  for  the  two  hydrapults 
operating  at  oonstant  energy  Input)  ourves  C«?  and  are  for 
the  C-7  and  C-10  slotted  tube  catapults,  the  only  catapults 
of  comparable  oapaolty. 

One  further  aspeot  of  performance  which  should  be  Investi- 
gated is  the  behavior  of  a given  hydrapult  for  pressures  too 
hi^b.  or  too  low  for  the  particular  load,  or  for  loads  too  heavy 
or  too  light  for  the  particular  pressure  setting.  While  the 
hydrapult  does  not  possess  lnhersnt  ’‘phase  stability,"  that  is, 
the  ability  to  speed  up  lagging  loads  or  slow  down  those 
accelerating  too  rapidly,  analysis  shows  that  acceleration 
variations  are  very  small  and  definitely  delimited.  For  example, 
too  light  a load  is  acceleratsd  sore  than  planned  for  the  design 
load,  but  the  aooele ration  is  rapidly  limited  to  a value  only 
slightly  in  exoess  of  that  for  the  design  lead)  the  end  speed 
likewise  is  only  slightly  greater  than  that  for  the  design  load. 
This  limitation  of  aooeleration,  inherent  in  the  basic  principles 
on  which  an  idealised  hydrapult  is  built,  is  generally  snhanosd 
in  practice  by  construction  restrictions  such  as  the  time  lag 
in  valve  opening. 
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A a described  earlier  for  an  idealized  hydrapult,  the  baric 
construction  (geometry)  determines  the  relation  between  load 
weight  M and  the  quantity  ▼t/veff»  whieii  quantity  is  proportional 
to  the  end  speed  and  approximately  Inversely  proportional  to  tho 
square  root  of  the  pressure e Pro®  the  corresponding  values  of 
M and  v^/V^rf  in  the  table  on  page  60  in  Appendix  A, 

terminal  velocities  can  be  calculated  for  arbitrary  variation# 
of  load  weight  and  pressure  from  design  values*  The  end  speeds 
in  knots  for  variations  of  10  per  oent  and  20  per  oent  in  either 
direction  for  both  weight  and  pressure  ere  given  in  the  following 
table  for  the  hydrapult  designated  as  Case  B*  For  this  hydrapult 
the  design  load  is  $0,000  lbs.,  the  design  pressure  3250  pal,  and 
the  design  end  speed  134*4  knots* 


M in  lbs* 


Pressure  P in  pal 


2600 

2930 

lOCfA 

a wa  r- 

2900 

40,000 

132.3 

140.3 

147.9 

155.1 

162.0 

45*ooo 

125.8 

133.5 

340.7 

147.5 

154.1 

50,000 

120.2 

127.5 

134.4* 

141.0 

147.2 

55,ooo 

115*4 

122*4 

129.0 

135.3 

341.3 

60,000 

111.0 

117.7 

124*1 

130.2 

135.9 

It  may  be  noted  that  even  in  suoh  an  extreme  oase  as  a 
20  per  oent  overload  with  a 20  per  oent  low  pressure  setting* 
the  terminal  velocity  is  but  18  per  oent  less  than  the  design 
value;  or  for  a 20  per  oent  underload  with  a 20  per  oent  high 
pressure  setting,  the  terminal  velocity  is  only  21  per  oent  more 
than  the  design  value.  In  general  load  weight  variations  and 
pressure  setting  errors  will  be  considerably  leas  than  20  per 
oent,  and  the  effects  on  terminal  velocity  will  be  quite  small* 
Thus  neither  "runaway"  nor  "cold"  shots  are  inherently  likely 
to  ooour  exoept  through  gross  errors  in  operation* 


* This  represents  conditions  for  the  design  load,  pressure  and 
end  speed* 
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It  is  of  interest  to  determine  whether  the  valve  and  nozzle 
requirements  for  b hydrapult  become  prohibitive  as  the  hydrapult 
design  is  extrapolated  to  higher  terrains!  velocities*  Ba® 
principal  factors  that  iraunt  be  considered  are  pressure,  fluid 
on- time s , and  nozzle  areas* 


The  opt  ini  von  initial  pressure  and  the  optimum  ratio  R 
of  initial  to  final  preaeure  (Pj/Ppt  for  a specified  tcnainal 
velooity  vt  can  be  obtained  from  toe  curves  on  page  41*  Values 


for  four  terminal  velooitiee  are  shown  in  the  following  table* 
both  for  the  case  of  a oonetant  200-foot  length  of  aooelerated 
run  and  for  the  case  of  a oonetant  acceleration  of  4&* 


Constant  Run 
of  200  Feet 

Constant 

oration 

Aocel- 
of  4s 

It 

^1 

R 

£l 

R 

200  ft/sea* 

2130  pal 

2.123 

2250  psi 

2.165 

227 

2430 

2.123 

2430 

2.123 

300 

3270 

2*123 

3020 

2.005 

400 

4820 

2.123 

4120 

i.855 

The  terminal  velocity  of  I4OO  ft/see*  is  sufficiently  high  to 
cover  reasonable  future  requirements • It  corresponds  to  the 
velocity  attained  in  a 200- foot  run  with  an  aooele ration  of 
12*4g,  or  to  that  attained  with  an  aeoeler&tlcn  of  4*0g  in  a 
621-foot  run.  The  pressure  required  for  minimizing  the  weight 
of  a hydrapult  having  this  terminal  veloolty  is  not  unreasonably 
high* 

The  time  for  which  any  particular  Jet  flows  would  beoome 
rather  short  for  a terminal  velocity  of  400  ft/aeo*  A 10-foot 
shuttle  (effective  length  12  feet)  traveling  4^°  ft/aec*  would 
be  aoted  or  by  a given  Jet  for  only  30  milliseconds*  The 
desired  Jet  on-time  is  therefore  at  least  approaching  a lower 
pi'aotioal  limit.  It  is  only  six  times  the  time  required  for 
the  Jet  stream  to  build  up  to  93  per  cent  of  its  maximum 
velocity*  Extremely  quick  acting  valves  would  be  required  to 
Insure  satisfactory  operation  and  conservation  of  fluid.  The 
on-time  could  be  doubled  by  doubling  the  length  of  the  shuttle* 
At  suoh  high  speeds  a longer  shuttle  may  be  desirable  for  other 
reasons  also* 


-A-*.'..  >-> 
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Consideration  of  the  required  norsle  areas  is  somewhat 
mere  involved*  Save  rth*  less,  certain  approximate  ealcuIativiiS 
oan  be  made*  It  has  been  shown  (page  21)  that  the  aggregate 
no  sale  area  A from  which  fluid  of  density  />  must  play  upon  the 
shuttle  buckets  in  orur  r to  exert  a force  F is  given  b y 


1*95  Vj  (Vj  cos  S - v^) 


where  v*  is  the  jet  velooity.  vav  the  shuttle  velocity,  and  S 
the  angle  between  the  direction  of  the  jet  Telocity  ana  the 
direction  of  travel  of  the  shuttle*  The  quantity  (v*  coo  £ ) 
has  been  designated  as  v#ye*  3ince  v*s  and  nance  v#|j  varT 
the  pressure  decreases  during  discharge  of  the  accumulator,  a 
question  arises  as  to  what  Jet  velocity  should  be  used  in 
calculating  the  nossle  area*  The  value  will  depend  upon  whether 
one  large  accumulator  or  a group  of  unit  accumulators  is  used* 
Calculations  will  be  made  on  the  assumption  that  unit  accumu- 
lators are  used*  It  has  been  shown  (page  36)  that  the  average 
value  of  v#ff  for  an  adiabatio  expansion  of  air  from  a pressure 
Pj  to  » pressure  Pj/R  is  given  by 


,0,714 


\tt  ■ 19-7  v?!  — 


Using  this  with  appropriate  values  of  P,  and  R obtained  from  the 
table  on  the  preceding  page - and  assuming  an  angle  S of  ljc,  the 
following  values  of  Vj  and  v#ff  have  been  calculated  for  various 
specified  values  of  terminal  velocity  v%*  All  velocities  are 
given  in  ft/sec* 


Constant  Run 
of  200  Feet 


Cone  t ant  Ac  «#  1- 

e ration  of  kg 


li 

Teff 

li 

Teff 

200 

449 

434 

458 

44 2 

227 

460 

463 

430 

463 

300 

555 

536 

544 

525 

400 

670 

647 

650 

626 

Assume  a load  consisting  of  a 50, OOO-lb*  Dlar.c*  ft  Ji,000-lb# 
shuttle,  and  ft  friction®!  force  of  14e^^  lbs*  If  *>**  assume* 
the  use  of  unit  accumulators  and  uses  the  above  values  of  ▼« 
and  v - to  ealoul&te  the  largest  aggregate  nozzle  area-  (tlloeft 
near  toe  end  of  the  run)  required  for  various  terminal  velooi**** 
attained  with  accelerations  & and  accelerated  runs  *,  and  if  ««* 
assumes  that  this  aggregate  area  is  divided  equally  among  six 
noszles  playing  simultaneously  upon  the  shuttle  buckets,  hs 
obtains  the  jet  diameters  D given  in  tha  following  table* 
Vslooities  are  given  in  feet/seoond,  distances  in  fast,  areas  in 
square  Indies  and  diameter*  JLn  inches* 


Constant  Run.  200  Feet  Constant  Acceleration*  k& 


z* 

A 

D 

» 

A 

D 

200 

3.1 

66 

3.8 

155 

78 

4*0 

227 

4.0 

77 

4*0 

200 

77 

4*0 

300 

7.0 

114 

5.0 

350 

71 

3*9 

400 

12*4 

158 

5.8 

621 

59 

3.5 

The  table  shows  that  if  a hydrapult  is  designed  for  the 
values  of  P*  and  R which  lead  to  a minimum  weight,  the  acquired 
nossle  diameter  does  not  inorease  too  rapidly  with  inoreMee  in 
terminal  velooity  even  in  the  case  for  which  the  length  >f  the 
run  la  kept  fixed*  In  oase  the  acceleration  is  kept  fixed,  the 
diameter  actually  decreases  slightly  with  increases  in  terminal 
valocity*  The  decrease  results  from  the  fact  that  the  optimum 
P^  increases  as  the  terminal  velooity  increases* 

It  should  be  emphasised  that  these  estimates  of  nozzle  area 
are  based  upon  the  assumed  use  of  unit  accumulators,  in  which 
case  the  average  jet  velooity  is  the  same  for  all  noszles  regard- 
less of  their  locations  along  the  run*  Were  a single  accumulator 
to  be  used,  the  jet  velocities  near  the  end  of  the  run  would  be 
lower  (due  to  the  decrease  of  pressure)  than  these  near  the 
beginning  of  the  run*  Areas  of  noszles  near  the  end  of  the  run 
would  therefore  be  correspondingly  larger  than  those  near  tha 
beginning  of  the  run,  and  also  larger  than  those  which  are 
required  if  unit  accumulators  are  used*  For  example,  with  a 
single  accumulator  and  a terminal  velocity  of  227  ft/seo*,  the 
diameter  of  the  largest  nozzle  is  5*2  in*,  whereas  it  was  but 
4.0  in.  for  unit  accumulators  and  the  same  terminal  velocity* 
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CONCLUSIONS 

la  this  report  the  University  of  Kansas  group  suggests  a 
possible  aultl-Jst  driven  oatapv.lt,  herein  referred  to  ae  a 
hydrapult,  and  discusses  the  feasibility,  general  features  of 
construction,  and  performance  of  iueh  a devise.  Although 
considerations  of  the  hydrapult  are  necessarily  approximate, 
certain  significant  oonolusions  are  warranted.  They  will  be 
etated  briefly* 

1*  Basically  the  hydrapult  consists  of  a series  of  high 
pressure  fluid  jets  distributed  uniformly  along  the 
catapult  track.  These  jets  impinge  upon  a series  of 
Pel ton^ type  buckets  attached  to  a moving  shuttle.  The 
jets  art*  controlled  so  that  they  flow  only  while  engaging 
the  shuttle  buckets.  The  thrust  upon  the  shuttle  is  in 
general  provided  by  a series  of  jets  acting  simultaneously 
on  the  shuttle;  there  is  sufficient  overlapping  of  jet 
impulses  to  provide  a continuous  thrust. 

2.  The  general  design  features  of  the  basic  components  of  the 
hydrapult  have  been  considered  individually.  Host  of  the 
components  are  of  fairly  standard  design  and  should  require 
a minimum  of  development  work.  Certain  flow-versus-time 
characteristics  of  high  pressure  jets  and  of  quick  opening 
valves  need  further  investigation  before  accurate  designs 
can  be  made.  The  valvo  problem  would  require  an  appreciable 
amount  of  development  work. 

3.  It  appears  feasible  to  build  a hydrapult  having  as  large 
a oapacity  as  will  probably  bo  required.  The  weight  of  a 
hydrapult  installation  for  a given  oapaoity  appears 
reasonably  low.  The  weight  does  not  increase  too  rapidly 

as  the  design  is  extrapolated  to  higher  terminal  velocities. 
As  regards  the  weight  of  the  installation  and  the  rate  at 
which  the  weight  increases  with  design  terminal  velocity, 
the  hydrapult  is  quite  oomparable  to  the  C-typo  catapult. 

4.  The  basic  design  of  a 40  x 106  ft. lb.  hydrapult  has  been 
considered  in  some  detail.  This  hydrapult  would  aooelerate 
a 50,000- lb.  airplane  at  4g  and  give  the  load  a terminal 
velocity  of  227  ft/seo.  (135  knots)  in  a run  of  200  feet. 

The  wei^it  of  the  major  components,  accumulator,  pumps, 
prime  mover®  for  pumps,  pipe,  oontrol.  equipment,  shuttle, 
water  brake,  retrieving  mechanism,  cc®pressed  air,  fluid 
and  fittings,  is  estimated  to  be  2h?,000  lbs.  Some 
optimism  may  have  been  exercised  in  estimating  the  weight, 
but  it  is  felt  that  the  figure  mentioned  is  attainable! 

A separate  study  of  weight  minimisation  indicates  that  a 
more  judloious  ohoice  of  operating  pressure  and  expansion 
ratio  would  lower  the  estimated  weigh, t of  this  hydrapult 
to  183*2°°  lba*  Tb0  over-all  effioienoy  of  the  proposed 
40  x 10®  ft. lb.  hydrapult  is  32  per  cent. 


? 
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5*  Tho  choice  of  operating  pressure  effects  the  weight  of  ft 
hydr-apult  installation  in  two  ways.  For  a given  input 
energy , the  use  of  e higher  fluid  pressure  results  in  ft 
smaller  volume  of  fluid  being  required,  and  hence  la  ft 
' smaller  total  weight.  On  the  other  hand,  the  higher  fluid 
pressure,  producing  higher  jet  velocities;  results  in  ft 
lower  efficiency.  These  two  competing  effects  ooofeis*  to 
dictate  an  intermediate  operating  pressure  which  will  lead  to 
a hydrapult  of  minimum  weight  for  & given  terminal  velocity. 

6.  A general  study  of  weight  minimisation  has  been  made.  The 
total  weight  of  a hydrapult  installation  has  been  expressed 
in  terms  of  the  initial  operating  pressure  and  the  ratio 
R of  initial  to  final  pressure.  Those  values  of  Pi  and  R 
which  lead  to  a minimum  value  of  the  resulting  expression 
for  weight  have  been  dete mined  by  appropriate  mathematloal 
methods.  Curves  shoving  the  optimum  values  of  and  R 

for  different  design  terminal  velocities  have  been  obtained. 
Curves  are  shown  (page  41)  for  two  oases;*  (a)  For  a 
hydrapult  having  a 200-foot  accelerated  run,  and  whatever 
acceleration  is  re qui re d to  produoe  the  specified  terminal 
velooityi  (b)  For  a hydrapult  haying  an  acceleration  Jig  end 
whatover  length  of  run  is  necessary  to  produoe  the  specified 
terminal  velocity.  The  minimisation  that  has  been  carried 
out  has  been  largely  by  way  of  example.  The  specific  results 
obtained  will  depend  upon  the  manner  in  which  the  wei^ats  of 
such  components  as  the  pipe,  the  control  equipment,  th© 
shuttle,  the  water  brake,  the  retrieving  mechanism  and  the 
fittings  are  judged  to  vary  with  terminal  velocity.  The 
specif io  results  of  the  example  presented  hers  are  quali- 
tatively correct  over  the  entire  range  of  end  speed  con- 
sidered] they  should  be  reliable  quantitatively  up  to  end 
speeds  of  250  to  300  ft/sec.  Beyond  this  speed  the  obtain- 
ing of  reliable  results  would  necessitate  a more  thorough 
evaluation  of  the  weights  of  certain  components  in  terms 
of  terminal  velooity. 

7.  Included  in  the  report  are  curves  which  show  the  weights  of 
hydrapults  to  give  a $0, 000-lb.  plane  various  terminal 
velocities,  the  hydrapult  being  designed  in  each  instanoo 
to  operate  at  tire  optimum  values  of  p.  and  R.  Hydrapult 
weight  versus  terminal  velocity  curves  are  shown  (page  43) 
for  each  of  the  two  oases  mentioned  in  6. 

8.  Performance  curves  (load  versus  terminal  velooity)  for  the 
hydrapult  have  been  calculated  both  for  oonstant  pressure 
and  for  oonstant  energy  input.  Those  curves  (page  49)  are 
similar  to  those  for  the  C-10  and  tire  C-7  catapults. 
Investigation  has  shown  that  although  the  hydrapult  decs 
not  possess  inherent  "phase  stability,"  operation  with 
loads  and/or  pressures  as  much  as  20  per  cent  higher  or 
lower  than  the  design  load  and/or  pressure  will  net  oauee 
objectionable  variations  from  the  design  acceleration  and 
terminal  velooity.  The  variations  are  definitely  delimited. 
Neither  "runaway"  nor  "cold"  shots  are  likely  to  ooour 
except  through  gross  errors  in  operation. 
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9*  The  hydrapult  offers  a number  of  distinct  advantages*  end 
has  acme  disadvantages*  Soma  of  Its  advantages  ar-ei 

a*  It  Is  a direct  drive  catapult*  and  therefore  not 
subject  to  the  limitations  introduced  by  the  use 
of  oablea.  If  it  is  desired*  the  hydrapult  can  of 
course  be  used  as  a cable  drive  catapult  up  to  those 
velocities  for  tdiich  the  limitations  of  cable  drive 
be  cone  prohibitive* 

b*  It  provides  a good  card  factor*  if  uniform  aooeleratlon 
is  desired.  If  for  psychological  or  physiological 
reasons  an  acceleration  pattern  other  than  that 
corresponding  to  uniform  acceleration  should  be 
desired*  the  hydrapult  has  a sufficient  number  of 
variable  parameters  to  give  any  reasonable  acceleration 
pattern  desired* 

c.  Ohs  hydrapult  has  an  unusual  amount  of  flexibility 
which  allows  adjustment  for  different  loads  and 
different  terminal  velocities*  Practicable  changes 
in  the  number  of  noszles  in  operation  and/or  in  the 
operating  pressure  are  sufficient  to  accommodate 
for  a vide  range  of  loads  and  and  speeds* 

d.  The  hydrapult  uses  fairly  standard  components.  Only 
a few*  in  particular  the  quick  acting  valves  and  the 
mechanism  for  controlling  the  valves*  would  require  an 
appreciable  amount  of  development  work.  Dba  only  con- 
ceivably intricate  mechanism  in  the  installation  is 
that  associated  with  the  valves  and  their  oontrol* 

e.  The  hydrapult  has  no  critical  parts  subject  to 
excessive  wear  or  to  failure  as  a result  of  fatigue* 
This  is  in  contrast*  for  examolo*  to  the  sealing 
strip  in  any  slotted  tube  catapult. 

f.  The  hydrapult  uses  ship  power*  a highly  desirable 
feature*  No  serious  problem  of  logistics  is 
involved* 

g*  ‘Dae  hydrapult  has  a reasonable  weight  for  a given 
capacity*  and  the  total  weight  does  not  increase 
too  rapidly  us  the  dosign  is  extrapolated  to  higher 
terminal  velocities. 

Some  of  the  disadvantages  of  a hydrapult  are  : 

a.  It  has  a fairly  heavy  shuttle*  a characteristic 
feature  of  direct  drive  catapults.  Tho  shuttle 
weight  will  certainly  be  greater  than  that  of  the 
H-type  catapult*  probably  somewhat  greater  than  that 
of  the  C-type  catapult*  probably  somewhat  smaller 
than  that  of  the  steam  catapult*  and  certainly 
smaller  than  that  of  any  possible  electropult* 


b«  The  hydrapult  would  Introduce  a considerable  top-side 
weight,  again  a charac teriatio  feature  of  direct  drive 
catapults.  However,  the  amount  or  top-side  weight 

introduced  by  the  hydrapult  is  probably  less  than 
that  for  any  other  type  of  direct  drive  installation 
of  equal  capacity. 

c.  3he  fact  that  the  hydrapult  requires  high  pressure 
accumulators  and  piping  is  a disadvantage • However, 
the  high  pressure  accumulators  are  no  more  serious 
than  in  the  case  of  the  K-type  catapults;  nor  are 
the  high  pressure  accumulators  and  piping  any  more 
serious  than  they  are  for  the  steam  catapult* 

d.  The  large  volume  cf  fluid  required  represents  a 
disadvantage  for  cold  w&ather  operation.  The  fluid 
will  either  have  to  be  some  antifreeze  solution,  cr 
it  will  have  to  be  protected  from  freezing  by 
auxiliary  heating. 
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In  Part  I,  "General  Report."  the  University  of  Kansas  group 
has  expressed  the  conviction  that  major  development  of 


catapults  foi" 
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toward  direct  drive  catapults.  The  group  believes  that 
the  hydrapult  may  prove  to  be  one  of  the  two  most  promising 
direct  drive  devices,  the  other  being  the  steam  oatapult* 

The  steam  driven  catapult  is  already  a practicable  device, 
though  a great  deal  of  work  will  be  required  to  extend  it 
to  terminal  velocities  required  in  the  future.  Simultaneously 
with  further  development  of  the  steam  catapult,  the  group 
recommends  serious  further  cons ido  ration  of  the  advisability 
of  development  work  on  the  hydrapult. 


APPENDIX  A.  GEOMETRICAL  CQNSI PS  NATIONS  CF  AN  IDEALIZED  HYDRAPULT 

The  geometry  of  a hydrapult,  that  is,  the  spacing  and  eis© 
of  the  nozzles,  is  determined  by  the  acceleration  pattern, 
capacity^  and  terminal  velocity  desired,  and  by  the  pressure 
available « When  the  geometry  has  been  established,  then  the 
performance,  fluid  requirement  and  efficiency  are  all  easily 
determined*  To  illustrate  the  relationships  among  these 
quantities,  and  to  calculate  several  nozzle  sizes  for  hypothet- 
ical hydrapults,  an  idealized  hydrapult  may  be  defined  as  in 
the  following  treatments 

Consider  a system  consisting  of  N nozzles  equally  spaoed  a 
distance  b apart;*  there  will  be  nozzlea  at  x ■ <5,  b,  2b,  ■ < < • 


ipart*w  1 

nb,  • • • • iN-lJb.  Let  the  nozzle  areas  be  Aq,  A^,  A«,  • • • 
An,  • • • • Ajt.i  respectively*  Let  the  nozzles  be  inclined  at 
angle  A to  the  Horizontal.  Finally,  let  the  jets  impinge  on  a 


e • • • 


. • e • ! respectively • Lot  the  nozzles  be  inclined  at  an 


single  bucket  on  the  shuttle,  the  height  of  the  bucket  being  not 
less  them  b tan  & , so  that  just  as  the  bucket  leaves  one  jst 
it  enters  the  next. 


Equation  of  Kotlon  of  the  Bucket 

Consider  the  bucket  struck  by  tha  jet  from  the  noszle  at 
x « nb*  The  problem  may  be  treated  as  one  of  collision.  In  which 
energy  and  momentum  are  both  conserved.  Let  the  incident  let 
velocity  be  w_,  the  return  Jet  velocity  wr#  the  fluid  density  p, 
the  total  shuttle  mass  M,  and  the  shuttle  velocity  v;  let  the 
angle  between  the  return  stream  and  the  lino  of  shuttle  travel 
be  0,  Neglecting  the  conversion  of  some  kinetio  energy  into 
heat  through  frictional  losses,  the  conservation  of  energy  leads 
to  the  first  of  the  three  following  equations.  The  conservation 
of  momentum  leads  to  the  second  and  third  of  the  three  equations 
regardless  of  frictional  losses* 


\ An  *n/>  wn2  - \ An  wn  p *P2  ♦ M v g 


An  *n  f>  wn  008  5 * 


• A„wn^wpoo«MM- 


^ wn  sln  * * An  wn  p wr  sin  0 . 


Equation  (3)  rosy  be  solved  to  give 


sin  0 


wn  sin  £ 


# Units  are  not  specified  in  thin  theoretical  treatment.  Equation’’ 
are  written  in  such  form  that  any  consistent  system  of  units 

»r  n *»»  Vs  * i j. 

*’.w,  j wg  UODUl 


from  which 


*T  cos  0 


« v^x*2  ” wn2  si®2  ^ 


Proa  aquation  < X) , 


dv  *n  wn/>  , 2 

M v « r-^  (wnz  - vrz)  . 


Proa  equation*  (2)  and  (4), 


— * A-  wn  p £w„  oo*  5 4 y^r2  * wn2  ,ia2  ^ ^ * 

dt  ' 


Eliminating  M ~ and  rearranging,  one  obtain*  the  expression 
dt 


2 . w 2 


Kn  OO*  4 4 yft^  - Wn2  2in2^ 


Since  in  general  (v2  - w-2)  ^ 0,  equation  (7)  may  be  solved  to 
yield 


vn2  - wr2  - 4 ▼ (wn  oo*  £ - v) 


2 2 

Substituting  thl*  value  of  - w_  ) into  (5)#  one  obtain*  the 

following  for  the  equation  ofmotioft  of  the  busiest*  This 
equation  holds  within  the  range  ab  < x < (n4l)b« 


dv  2 ^ *n 


(wn  oo*  S - ▼) 


Integration  of  the  equation  of  Motion 


Let  the  tine  at  whloh  the  buoket  arrives  at  point  x 
and  the  velocity  with  which  it  i*  moving  at  that  time  be 
designated  as 
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Ao  the  bucket  arrives  at  point  x * (n+ljb, 

T Tntl  * ” V?  • 


Then  by  integration  of  equation  (9)  between  these  limits,  one 
obtains  the  following  expression  relating  the  velocities  at  the 
beginning  end  the  end  of  the  time  interval » 


2 *n  *n  P 


(t 


Wn  008  £ 


- V, 


n+1 


(Wa  oos  5 - va)  £r 


n-fl 


- *n> 


(10) 


By  integrating  equation  (9)  twice  between  the  time  limits 
corresponding  to  the  times  of  arrival  at  successive  Jets,  one 
obtains  the  distance  b between  jets.  Thus,  for  n * 0,  1, 

2,  • • • • K-l, 


b - Wn  QOS  S (tn+1  - tn) 
(wn  cos  5 - Va)  M 

2Ao»n  r L 


<W  -Vv 


(11) 


With  b.  a,  M and  all  values  of  wn  and  A*,  given  for  n * 0,  1,  * • 

• • N-l,  these  relations  de terrains  bucket  (shuttle ) validity  v 
and  time  at  each  noszle  station*  The  initial  velocity  Vq  is  to 
be  taken  as  zero*  The  terminal  velocity  and  total  time  are  those 
at  the  end  of  the  N-th  section,  that  is,  Vg  and  tg  respectively* 


Note  that  these  two  sets  of  relations  involve  variables  of 
several  kinds.  The  variables  N,  A~»  /»,  S and  b are  determined 
by  the  installation  and  configuration*  The  velocity  w is 
determined  in  part  by  the  installation  and  configuration,  but 
also  in  part  by  an  experimental  variable,  the  pressure  P*  The 
quantity  M is  determined  by  the  load*  The  v*  a and  t*s  are 
dependent  variables,  subjeot,  however,  to  the  following 
conditions t-  (s)  v-  is  the  terminal  velocity  v*,  which  is 
determined  by  load^requirements;  (b)  The  acceleration  must  not 
exceed  a specified  maximum* 

Consider  N tpt  $,  b and  M fixed.  There  remain -five  seta  of 
variables,  wa,  Vn+j»  vn»  kn  *nd  ^4-1  “ tn'*  01686  fiv6  of 

variables  are  not  independent;  they  are  related  by  equations 
(10)  and  (11)*  In  general  one  might  suppose  it  possible  to 
assign  arbitrary  values  to  three  of  these  and  calculate  the  other 


two  free  equations  (10)  and  (11)#  That  this  is  not  generally 
possible  my  be  ehmm  in  toe  following  mannas ♦«  Vrifce 
U«  * (*34.1  " ^a)*  substitute  aquation  (10)  twice  in  equafeles 
(11)  • Bits  results  in  the  aquation 

un  * vn'  ,,*1 


which  say  b«  written  in  the  fora 

w~  oos  <S  - v_  ▼. 


Tf  « * and  UL  are  chosen  arbitrarily,  this  transcendental 
a quarts  specif  Ie§  the  value  of  wn*  The  quantity  my  then  1 
calculated  from  aquation  (IQ)  in  the  fora 

m w_  eoe  & - v„ 


However,  like  many  transcendental  equations,  equation  (13)  has  a 
non* trivial  root  only  in  special  oases*  Define  the  symbol 


so  that 


And  define  the  symbol 


Then  equation  (13)  becomes 


In  (1  ♦ Qn) 


(17) 
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The  roots  of  this  aquation  are  distributed  as  follows: 


»nS  0 

0 * hjj  < 1/2 

bjj  * 1/2 
1/2  < ® 1 

*a 


0 


0,  plus  a positive  root 
0 

0,  plus  a negative  root 
0 


Since  from  equation  (15)  G„  is  obviously  positive,  equation  (17) 
has  a physically  useful  solution  only  for  0 < hjj  < 1/2.  Thus 
there  are  restrictions  on  the  allowable  values  of  vn+^,  vn  and 
b/On* 


Simulated  Uniformly  Aooelorated  Linear  Motion 

Suppose  that  it  is  desired  to  approximate  uniformly 
aooelerated  linear  motion  by  requiring  v and  t to  have  at  each 
no e tie  station  located  at  x ■ nb  the  values  they  would  have  If 
the  aooeleratlon  were  oonstant.  It  is  easily  shown  that  this 
requires  that  for  n = 0,  1,  2,  • • • * N, 

vn  ■ y/2  a b y/n 


and 


Un  ■ y[ (V^+l  - V»  ) 


(18) 


in  which  a is  the  hypothetical  acceleration  (actually  the  spaoe 
average).  In  terms  of  the  terminal  velocity  v^. 


a 


2 Nb 


(19) 


Now  from  equation  (16), 


6'j 


(20) 


yJZ  a b \/r i+1  - 


*n  - 


'/2  a b (\Ai+l  - vft) 


yh+1  - ^ (vfa+1  + V&> 

V^l+1  " 


i 


But  lor  h_  * 1/2,  On  * 0.  Hence,  It  la  impossible  to  build  auch 
a device which  will  produce  a uniform  (constant)  acceleration* 
Only  the  trivial  case  of  no  acceleration  at  all  oan  approximate, 
in  those  terns,  the  corresponding  uniform  acceleration*  It  is 
still  convenient  to  retain  the  restrictions  given  in  equation 
(19),  that  is,  to  retain  something  approximating  uniformly 
accelerated  motion  insofar  as  the  velocities  are  concerned*  The 
calculated  time  intervals  will  then  determine  fluid  volume, 
efficiency,  etc* 

Geometry  of  a Constant  Jet  Velocity  Hydrapult 

Consider  now  a simple  case  in  which  all  jet3  have  the  same 
velocity  w*  Equations  (10)  and  (11)  will  then  determine  the 
various  A-  values  and  the  corresponding  values.  By 
substituting  equation  (12)  or  (13)  into  equation  (14),  one 
obtains,  for  n * 1,  2,  . . • . Ji-1, 


K cos  5 
2 f>  b 


w cos  b - v^  \fc 

ln  W COS  s'  - v^ 


w cos  £ 


(V^+I  - ^)  .(21) 


. | 

' i v-* ^ 


si 


From  this  one  can  calculate  the  desired  nozzle  areas  for  a given 
configuration,  load  and  terminal  velocity.  If  the  Jet  velocity 
w is  adjusted  for  different  desired  terminal  speeds  so  that 


V1 

w cos  4 


vt 


yfti  w COB  S 


■ constant. 


(22) 


then  all  loads  of  the  same  mass  M will  use  the  same  track 
regardless  of  the  desired  end  speed.  However,  and  unfortunately, 
it  is  not  possible  to  adjust  the  single  parameter  w to  accommo- 
date all  variations  in  both  rt  and  M.  nor  even  to  accommodate 
variations  in  M regardless  of6v^.  It  might  be  possible  to  allow 
for  small  variations  in  M by  maintaining  the  quantity  M cos S 
constant,  that  is,  by  tilting  the  nozzles#  Perhaps  two  traoks 
with  different  opacing  b and  variable  angle  S might  be  feasible. 


for 


Now  for  tills  same  special  case  one  obtains  from  equation  (1?^ 

n « 1,  2,  . . . . N-l,  '* 

“ . (23) 
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v^  ( vfa+1  - \Jn) 
w cos S - v^  yfo 
w coa  S - v^  yh+1 
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wmm 
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Prom  equation  (9)  one  can  calculate  the  acceleration  at  the 
beginning  of  each  stage  ( a.n ) « and  that  at  the  end  of  each  stage 
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(w  coa  £ 

an  * b 1 

(Vii+1  - V^) 
w cos  S 


W COB  $ 
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i in 


w coa  S - 
w cob  S - 


(24) 


[25) 


Calculations  of  1^,  ap  and  an'  for  selected  values  of 
n have  been  made  for  two  hypothetical  cases.  conf igurationa 

chosen  for  the  two  ca3os  have  the  following  specificationa* 

Cass  A s N = 100;  b «=  4 feet;  cos  $ * O.98;  w « 700  ft/sec.; 

P ■ Y?Q2  pai:  M = 100. 000/ g slugs;  v.  » 300  ft/sac*  « 
204.. 5 nph;  p *=  62.5  Iba/cu.Tt.;  g = ‘$2,2  ft/seo.2; 
average  acceleration  ■ 3»494g»  fluid  displacement  * 
419.6  cu.ft. 

Case  3:  N ■ 100;  b * 2 feet;  cob  & ■ 0.93;  w * 694*9  ft/aeo.; 

P « 3255  psi;  M ■ 50, 000 /g  slugs;  vt  * 22 7 ft/seo.  * 
154*3  mph; />  ■ 62.5  lbs/cu.ft;  g 3?. 2 ft/sec*2; 
average  acceleration  **  4»^00gi  fluid  displacement  * 
162.2  cu.ft. 

The  calculated  values  are  shown  in  the  table  on  the  following 
page. 
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Performance  of  the  Constant  Jet  Veloolty  HydrapuXt 

Suppose  now  a track  is  designed  to  give  simulated  uniformly 
accelerated  linear  motion  to  * dead  load  of  mass  K%  with 
terminal  velocity  v^°  and  jet  velocity  w°.  It  is  now  necessary 
to  determine  the  behavior  of  different  loads  on  this  same  track; 
more  specifically,  it  la  necessary  to  determine  whether  v can  be 
varied  in  such  a way  as  to  give  any  arbitrary  mass  M an  arbitrary 
terminal  velocity  v^.  It  is  to  be  noted  first  that  in  any  cane, 
the  space  average  acceleration  a is  given  by 

a - vt2/2  N b 


Hence,  if  there  exists  a limiting  maximum  value  of  this  space 
average  acceleration,  then  there  also  exists  for  a given 
catapult  configuration  a limiting  maximum  value  of  v^  which  is 
given  by 


Tt(max)  * V2  M b Sulx  * 


In  praotlce,  since  there  will  be  fluotuations  in  the  acceleration, 
the  allowed  limit  for  vt  may  be  somewhat  lower  than  this. 

The  relation  between  the  two  oases  now  under  consideration 
arises  from  the  faot  that  the  same  configuration  has  been  used 
for  both;  although  the  jet  veloolty  w may  be  different,  the  two 
have  the  same  values  of  N,  b and  Suppose  the  hydrapult  has 

been  designed  specifically  for  a load  of  mass  M°  and  terminal 
velocity  Vfc°.  Prom  equations  (19)  and  (21)  one  obtains,  for 
values  of  n » 0,  1,  2,  . • . • N-i, 


M°  cos  i 
2/=  b 


In 


i - 

Vfr  v*  cos  i 


1 - yM  

w°  008  & 


' 


- (\£+l  - y/n) 


y*r  w°  oos  h 


(26) 


But  also,  for  any  load  of  mass  M,  from  equations  (12)  and  (JM 
or  equation  (21),  one  finds  that  for  values  of  n * 0,  1,  2 * 

N-l, 


V 


• o 
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M oos  £ 

■77T 


w ooa  6 

*n+i 
w oo*  £ 


vn+l  * Tn 
w oos  ^ 


If  An  is  eliminated  from  equations  (26)  and  (27),  one  obtains 

Tt° 

r-  1 - y5l  — e -| 

y/ST  W#  OOS  ^ , vt 

«*  i“ rri (vfi+i  - yfi)  — — - 

L i - vSJi  -s-Ji — - v*i  »•  i J 

y/3  w#  oos«T 


M In 


V oos  <f 

*n»l 

v oos  S 


Tn+1  ~ Yn~| 


w oos  «S 


Now,  if  on*  writes  out  equation  (28)  for  n » 0,  noting  that  vQ  ■ 0 
substitutes  the  result  in  the  equation  for  n * 1,  and  r*peatsuth* 
process  for  successive  n values,  it  is  found  that,  for  n * 1,  2, 

J , a • • 3 H, 


M°  In  j\  - 


^ W#  oos  S K ^ v^"wQ  cos  5 


■ M In  1 - 


w cos  S j w oos  & 


Note  first  that  equation  (29)  enables  one  to  calculate  the 
value  of  Vjj/ ( w oos  $ ) at  each  stage  (that  is,  at  x ■ n b where 
n - 1.  2,  7 ...  H)  for  the  arbitrary  load  on  the  etandard  track* 
Note  second  that  equation  (29)  for  n * N enables  one  to  calculate 
the  required  value  of  w to  give  the  desired  ■ vn.  Thus 
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vt  ] ?t 
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3£e  track  was  designed  for  rt°,  v^andw®.  By  solving  tb* 
transcendental  equation  (30)  on*  obtains  the  appropriate  Jet 
velocity  w required  to  give  the  desired  arbitrary  terminal 
velocity  v*  to  ti  e desired  arbitrary  load  M on  this  ease  track. 

Par  computational  purposes,  it  is  simpler  to  calculate  M*/K 
for  specific  values  of  r^/\v  oos  $ )•  The  table  below  gives 
calculated  values  of  M (in  lbs.)  for  arbitrarily  selected  values 
of  the  quantity  v^/(w  cos  5 ),  for  the  two  tracks  previously- 
designed  and  designated  as  Cases  A and  B On  page  64«  Casa  A 
represents  a track  400  feet  long  with  100  jet  nozzles,  designed 
for  a load  of  100,000  lbs.  and  a terminal  velocity  of  300  ft/eec- 
(204*5  mph)j  it  has  a jet  velocity  of  750  ft/seo.  corresponding 
ideally  to  a pressure  (P  * J>v*/2)  of  3792  psi.  Case  B represents 
a track  200  feet  long  with  1QO  Jet  noztlec,  designed  for  a load 
of  50,000  lbs.  and  a terminal  velocity  of  227  ft/seo.  ( 154*8  mph) j 
it  has  a jet  Telocity  of  694*9  ft/seo..  corresponding  ideally  to 
a pressure  of  3 255  psi. 


M M 


V* 

s , * 

Tt  * 

w oose 

Case  A 

- „ H OO"  *» 

Case  B 

a 

W4PO  Ji 

Cast-  B 

0.50 

60,240 

18,670 

0.38 

118,690 

36,790 

0.49 

61,460 

19,670 

0.37 

126,430 

39,180 

O.48 

66,900 

20,740 

0.36 

134.850 

41,600 

0.47 

0.46 

70,570 

74.500 

21,870 

23,090 

0.35 

0.34 

144,030 

44,640 

47,760 

0.45 

78.710 

2k,390 

0.3333 

50,000 

O.44 

§3.22° 

25,790 

0.33 

51,170 

0.43 

88,070 

27,300 

0.32 

54.920 

O.42 

93,290 

26,910 

0.31 

59,060 

O.41 

98,910 

30,660 

0.30 

63,630 

0.4082 

100,000 

0.29 

68,700 

0.40 

0.39 

104,990 

111,560 

32,540 

34.580 

0.28 

0.27 

Tha  table  inoludes 

no  calculations 

for  values  of  v*/w  oos S 

greater 

than  0.5; 

higher  values  might  give 

lower  ef fioienoies. 

However,  since  it  is  the  total  integrated  efficiency  that  Is 
important,  larger  values  mlgit  be  feasible.  (See  later  seotion 
on  efficiency.) 

It  is  obvious  from  the  table  that  a track  designed  for  a 
given  load  may  still  be  suitable  for  a wide  range  of  different 
loads,  provided  first  that  the  desired  end  speed  does  not 
impose  an  unaooeptably  high  acceleration  for  a track  of  constant 
length,  and  aeoond  that  the  required  jet  velocities  for  heavier 
loads  and  higher  terminal  velocities  do  not  require  unaooeptably 
high  pressures.  Por  the  same  average  acceleration,  3.494s,  one' 
finds  in  Case  A the  following  eonaiut-ent  combinations j 


# w oos  S « 


-i.  *mv^*m*'*~*' 


ms*f 
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M ■ 60,2^0  ibe.  M°  * 100,000  lbs,  W - 144,033  lca<> 

w « 612,2  ft/ssc,  v*  * ?<0  ft/gaa.  v - 3?4.6  ft/s*e# 

P - 2527  P«i  P - 3792  p»i  P - 5157  P*i 

In  Case  B,  for  an  average  acceleration  of  k,OOOKt  one  finds  th® 
following: 

H • 18,670  ibe.  M°  * 50,000  lbs*  M ■ 80,650  lba* 

w * 463.3  ft/seo.  w°  * 694*9  ft/sec.  w » 857*9  ft/seo. 

P • 1447  pai  P * 3255  pai  ? ■ 4961  pal 


If  higher  accelerations  can  be  tolerated,  then  higjher 
velocities  may  be  considered.  For  a given  load  on  a given 
track,  w is  directly  proportional  to  v^j  P la  proportional  to 
the  square  of  v*. 

In  order  to  oaloulate  the  volume  of  fluid  required  and  the 
over-all  efficiency  of  the  hydrapult,  it  is  convenient  to  aaauae 
’’perfect  cutoff, " that  la,  to  aaaume  that  each  jet  is  open  only 
while  its  stream  impinges  on  the  bucket.  Under  these  conditions 
the  volume  Y«  used  by  the  jot  uf  area  is  given  by 


v U„ 


(3D 


Equation  (14)  s»y  be  solved  to  give 
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n 


In 


w cos  $ - v„ 

Q. 

W 008  5 - vn4>1 


(32) 


The  total  displacement  volume  of  fluid  used,  with  perfeoi 
outoff,  is  glvsn  by 


N-l 

»4  * L va  . (33) 

n«0 


From  equation  (32)  one  then  obtains  the  following  expression  foit*1 
V^.  This  expression  holds  for  any  load  and  any  terminal  valooity. 
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In  calculating  the  cvor-all  efficiency  on  on  energy  basis 
it  la  to  oe  noted  that  the  Jet  velocity  w is  the  same  for  all 
jets.  The  onargy  input  is  the  refold  given  by 


% - \ /5Vd 


(35) 


The  energy  output  is  given  by 


*0 


« “ M Tt‘ 


(36) 


The  efficiency  B ie  therefore  given  by 
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Note  that  ^ is  a maxinun  for 


v^/(w  00a  8 ) » 0.715 


(38) 


The  corresponding  maximum  value  of  the  efficiency  is  given  by 


« 0.815  co«2  8 * 


(39) 


It  is  interesting  that  the  total  or  integrated  efficiency  is 
greatoat  for  a jet  velocity  considerably  leas  than  twice  the 
terminal  veloolty.  It  would  seem  advisable  to  design  the  traok 
and  jet  noszles  to  give  this  maximum  efficiency  for  the  load 
most  often  encountered. 


Now  consider  the  accelerations  for  a load  different  from 
the  standard  load  for  which  the  track  has  been  designed.  For 
an  arbitrary  load,  equations  (24)  and  (25)  beoome 
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(14) 


(w  008 8 )2 

vn+l  ' 

f W CCS  5 - ¥n  Vn+i  - Ta  - 

n b 

c 

W CO*  & 

w cos  8 - vn+x  w 008  s 

For  t he  particular  traok  with  standard  load  M°  one  obtaips  ajj 
and  ajj*  • by  substituting  w°  for  w and  v^#  v-  * ▼**  w/V»  for 
vn  in  these  equations 0 Combination  of  equation  *28)  with 
equations  ( I4.O ) and  (J4.I)  yields 
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(42) 


(43) 


In  order  to  determine  actual  values  of  a^  and  a^  the 
transcendental  equations  (29)  may  be  solved  for* the  va  values 
and  then  these  values  may  be  Inserted  in  either  equations  (40) 
and  (41)  or  In  (42)  and  (43) • However,  some  conclusions  may  be 
drawm  from  equations  (42)  ana  (43)  without  detailed  calculation* 
For  the  smaller  values  of  n,  where  the  larger  variations  in  *k,.# 
and  an'  0 from  their  spaoe  average  are  observed,  both  v~/(w  cos  S ) 
and  Vfc#  VS/(V£  w cos  b ) are  very  small  relative  to  unit^.  Henoe 
to  a good  degree  of  approximation. 


and 


(44) 


Since  at  constant  v^  (and  hence  constant  space  average  accelera- 
tion) w2  is  approximately  proportional  to  H,  the  various  accelera- 
tions are  not  changed  greatly  by  ohanging  the  load*  The  several 
accelerations  increase  with  the  square  of  the  terminal  velooity, 

sine®  w la  proportional  to  v>.  at  constant  load  mass* 

Rewriting  equation  (42)  for  n+1,  and  then  dividing  by 
equation  (43)#  one  obtains. 
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The  first  part  of  equation  {I4.6)  shows  that  the  ratio  of  the 
»*■:; cole  rations  at  the  beginning  of  one  section  and  at  the  end 
of  the  previous  section  is  independent  of  both  mass  and  terminal 
velocity*  Since  tho  results  shown  for  both  Case  A and  Case  B in 
the  table  on  page  65  indicate  only  relatively  slight  fluctuations 
in  these  accelerations,  no  further  calculations  need  be  made  for 
other  loads* 

It  may  be  concluded  that  a hydrapult  designed  for  most 
efficient  operation  with  the  most  commonly  encountered  load 
may  also  be  used  for  other  loads,  either  heavier  or  lighter, 
and  with  different  terminal  velocities,  by  proper  choice  of 
the  jet  velocity*  The  Jet  velocity  desired  may  be  obtained  by 
selecting  the  proper  pressure.  Furthermore,  the  acceleration 
will  exhibit  almost  the  same  nearly  uniform  pattern  in  all  oases* 
Also,  the  effioienoy  will  not  decrease  unreasonably  as  the  load 
changes*  Finally,  it  appears  that  extrapolation  to  very  heavy 
loads  and  high  terminal  velocities  is  entirely  feasible*  The 
real  limitations  are  the  length  of  the  power  run  possible,  the 
allowable  maximum  acceleration,  and  the  allowable  maximum 
pressure* 
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Considerations  on  Variable  Jet  Velocities 


How  consider  briefly  the  possibility  of  using  nozzle  designs 
which  make  the  Individual  jet  velocities  wn  variable  in  some 
convenient  way*  The  simplest  and  probably  the  most  reasonable 
way  would  be  to  have  each  vn  - f«  where  fp  is  determined  by 
the  construction  of  the  n-th  nozzle  and  its  input  system,  and 
where  B is  a single  constant  for  all  nozzles,  a constant 
determined  by  M and  vt*  Such  an  arrangement  is  physioally 
possible*  The  question  now  arises,  how  shall  the  quantities 
wn,  or  B and  fn,  be  determined? 

An  obvious  choice  would  be  to  require  that  the  efficiency 
in  each  stage  shall  be  a maximum*  It  is  easily  shown,  however, 
using  equations  (12),  (14)  and  (19),  that  this  requirement  loads 
to  impossible  results  for  low  n values*  In  order  to  obtain  high 
efficiency  at  low  bucket  velocities,  the  Jet  velocity  must  be 
low  and  the  nozzle  area  correspondingly  large*  For  example, 
for  Case  A the  calculated  jet  velocity  from  the  first  nozzle  is 
only  l\.Z  ft/sec.,  and  the  nozzle  area  required  is  about  2$Q  sq.ft* 

Alternative  requirements  which  suggest  themselves  are  also 
either  inconvenient  or  impossible*  For  example,  one  might  require 
that  the  fluid  consumption  be  a minimum  in  each  stage,  or  that 
the  aooele ration  fluctuations  be  minimum*  Since  the  uniform  Jet 
velocity  system  seems  feasible,  little  further  investigation  of 
variable  wn  systems  has  been  made* 


Hots  on  Maximus  Efficiency  Configuration 

As  is  to  bo  expected,  & configuration  designed  for  maxi mm 
efficiency  achieves  that  result  by  using  low  jot  velocities  sad 
high  jet  oross  sections.  In  any  design  the  final  jet  has  the 
largest  area.  Let  attention  be  focused,  therefore,  on 
the  area  of  the  final  jet.  From  equation  (21)  one  finds,  for 
the  standard  load. 
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Define  the  two  quantities  q and  p as  follows. 


V®  OO*  S 


r, . ./til  jl 


Than  equation  (47 ) becomes 


H°coa  S 
2 /=>  b 


q - 1 - 


How  q is  given  by  equation  (39)  for  the  maximum  efficiency 
configuration.  Since  N was  taken  as  100  in  both  cases  previously 
considered,  the  sa>ne  value  will  be  used  here.  Substitution  of 
these  values  into  (48)  gives 


Aqq  * 0.00893  . 

- - d D 

This  area  may  become  quite  large  for  e large  K°and  a small  b. 
The  numerical  coefficient  depends  only  on  N,  the  number  of 
nozzles.  For  example,  one  finds  the  following  results  for 
Case  A,  Case  B,  and  a newly  considered  Cebs  C for  which  H5- 
25, COO  lbs.,  0 *•  2 feet,  and  oos  & ■ 0.98 t 


Case  At  A^q 
Case  Bt 
Case  Ct  Aqg 


**  1.751  sq.ft. 
* l.?5l  sq.ft. 
» 0.875  sq.ft. 


» 252.1  sq.iruj 
**  252.1  aq.in.j 
■ 126«0  aq.in.j 


radius  * 8.96 
radius  = 8.96 
radius  = 6.34. 


Thus  there  may  be  a convenience  limit  on  designing  for  saaxL’nuss 
efficiency. 

Consider  finally  aquationa  (34)  and  (37)»  It  ie  apparent 
that  while  the  efficiency  J3  decreases  as  vt/(w  cog  5 ) changes 
from  0,7153  in  either  direction*  the  total 'displacement  volume 
Yj  increasea  for  v^/(w  coa  b ) > 0,?l53«  Hence  it  is  reasonable 
to  design  for  jet  velocities  more  than  the  optimum  rather  than 
less.  This  is  shown  by  a graph  of  e/(2  ooa ) versus 
2 Vd/M,  which  has  the  general  shape  shown  below. 


% 


■■■"'  * » ♦ ’»  ’■■rip*-’  ■ * t 1--  ..  . * »•»  ,^psw 355^; 8Jsj^ 


£ 


75 


APPENDIX  B.  EFFECT  OF  DECREASING  JET  VELOCITY  OK  HYPRAPULT  HE OKE WY 

In  the  idealized  treatment  in  Appendix  A,  a system  of  N 
nozzles  equally  spaoed  a distance  b apart  was  considered*  The 
nozzle  areas  were  designated  by  Aq,  A^,  . . < • An»  * * * * 
respectively*  The  nozzles  were  inolined  at  an  angle  6 to  th» 
horizontal*  The  Jet  impinged  on  a single  bucket  of  height  not 
less  than  b tan  S . it  was  assumed  that  a constant  pressure  was 
maintained,  under  which  condition  the  Jet  velocity  would  be 
constant*  On  this  assumption  calculations  were  made  of  the 
nozzle  areas  necessary  in  order  that  the  shuttle  would  have  at 
each  Jet  position  the  velocity  that  would  be  observed  for  truly 
uniformly  aocele rated  linear  motion*  With  the  uso  of  such 
previously  obtained  results  as  are  applicable,  a treatment  will 
now  be  given  of  the  effect  of  a gradually  decreasing  jet  velocity 
resulting  from  the  decreasing  pressure  in  the  adiabatic  expansion 
of  a gas  in  an  accumulator  driving  the  Jet  fluid* 

The  equation  of  motion  of  the  shuttle  was  found  to  be 
(page  59),  for  nb  * x * (n+l)b, 

dj  m 2 ;*n  ,w/f  (w  coa  j - v)  (1) 

dt  M 


where,  as  previously,  v represents  the  velocity  of  the  shuttle, 
t the  time,  Aq  the  area  of  the  n-th  nozzle,  M the  mass  of  the 
load,  z?  the  density  of  the  fluid,  <5  the  angle  between  the 
direction  of  the  Jet  and  the  line  of  travel  of  the  shuttle,  and 
w the  Jet  velocity.  Whereas  w was  constant  in  the  previous 
treatment,  it  will  now  be  a function  of  t and  hence  of  x*  A 
more  convenient  independent  variable  in  the  present  case  is  the 
volume  V of  accumulator  gas.  Obviously,  for  nb  i x J (n+l)b. 


* A w 
dt  An  w 


Combination  of  equations  (1)  and  (2)  yields 


-ar 


— a (W  COS  6 - V) 

dV  M 


No  is  for  an  adiabatic  expansion  the  pressure  P and  the  volume  V 
are  related  by  the  expression 

P Vk  - P0  v0k  (4) 
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where  the  subscript  refers  to  the  initial  conditions.  Further’ 
more,  one  cun  write  that 

p “ 2/°  w2  * 


Therefore,  from  {I4.)  and  (5)»  one  obtains 

rva]  ** 

W « ! — 1 


Substituting  elation  (6)  into  equation  (3)  and  rearranging,  one 
obtains  the  relation 


dV  VI  M 0 


r . . 1 k/2 
cos  & —2  j 

L v j 


which  may  be  written 


a [ * P 2£.  r Vel  k/2  , 2 P V/M 

«r6  j - ¥ -o cos  4 [• tJ  g 


Integrating  this,  knowing  that  ▼ ■ 0 when  V ■ Vq,  one  obtain* 
for  v the  following  expression* 

V 

- 2yPV/MZ/0  k/2  f 2/>V/M  -V2 

v * £ v0  cos  6 VQk'  / c v dV  (< 


This  may  be  rewritten  in  the  form 
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Note  that  since  in  the  derivation  of  the  differential  equation 
for  dv/dV  the  discontinuous  variable  A-  was  eliminated,  equation 
(10)  determines  continuously  the  velocity  v as  a function  of  the 
volume  V for  every  value  of  V. 

Now  to  do te mine  A_  equations  (2)  and  ( 5 ) are  used  to  obtain, 
for  rib  « x £ (n+l)b, 


dV  - Aj^  wQ 


(11) 


or 


dx 


r Vk//g  dV 

'0  vok/? 


(12) 


This  is  to  be  integrated  over  the  entire  appropriate  range 
indicated  by 


(13) 


(14) 


When  equation  (10)  is  substituted  in  equation  (14)  one  finds  that 


du 


(15) 
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in  which  Vn  ie  the  total  gas  volume  at  x * nb,  that  is,,  the  total 
gaa  volume  o or  responding  to  the  shuttle  velocity  v„  (through 
equation  (10))  at  x ■ nb.  How  for  simulated  uniformly  accelerated 
linear  motion  the  velocities  are  given  by 


vn  * V?  a n b 


(16) 


in  which  n ■ 0,  1,  2,  . . . • N,  and  in  which  a is  the  space 
average  of  the  acceleration.  If  the  parameter  y be  defined  by 
y ■ 2 /oV/Mt  one  can  write  from  equation  (l5),  for  n « 0,  1,  2,  . 

• . o K, 
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And  from  equation  (10)  one  can  write 


y/2  a a b 

w0  008  5 


(18) 


Equation  (17);»  in  conjunction  with  (18),  defines  the  noezle  area 
Ayj.  In  principle  one  now  eliminates  the  parameters  yn  from  the 
equations  to  obtain  An  as  a function  of  n.  Actually,  it  is 
impossible  to  do  this  analytically.  Hence,  one  must  solve 
equation  (l8)  for  yn  for  each  valve  of  n,  and  then  substitute 
in  equation  (17)  to  obtain  An« 

Before  the  solution  of  these  equations  is  considered, 
several  other  relations  should  be  noted.  First,  the  total 
liquid  displacement  volume  is  given  by  * (Vn  “ Vq)« 

Hence,  from  the  definition  of  the  parameter y, 

Vd  ’ ' 7°] 

where  y^  is  determined  from  equation  (18)  for  n « N* 

Second,  the  time  increment  ■ (tn+-»  “ tn^  for  ®ac^  jet 
section  is  easily  obtained  from  equations  (2)  ana  (6)  as  follows. 
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Prom  (2) t 


dt  . ^7T-  dV 
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(19) 


which  yields  upon  integration. 


At,  wr,  Vn* 


l+k/2  Uk/2 

Vn+1  ~ Yn 

1 + It/ 2 


(20) 


In  terms  of  the  pc^araeter  yn  this  become* 


2/c‘An  wO  yo 


1+*/2  „ y 1+V  2 1 


yn^i  - - ynJ 

1 + k/2 


(21) 


Third,  the  total  energy  input  ie  likewise  obtained 
easily, 

dii  - | *2/=  dV  - p dV  - P0  v0*/2  ^75  . 


(22) 


Upon  integration  this  gives 


% “ p0  V0 


r l-k/2  l-k/2 

k/2  ~ v0 

l-k/2 


If  this  be  expressed  in  the  usual  variables,  one  obtains 


Mw2  v^Tv  i-k/Z  . „.„l-k/2 
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l-k/2 


Since  the  useful  energy  output  is  M v»j  /2,  one  finds  for  the 
total  over-all  efficiency  B 


(2  - k)  v, 


w02  y0k/2 
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(25) 


Hot*  from  equations  (17)  and  (18)  that,  as  in  the  case  of 
an  assumed  constant  pressure  (Appendix  A),  all  planes  of  the 
same  mass  M may  use  the  same  traok  if  the  pressure  is  adjusted 
so  that  for  eaoh  desired  terminal  velocity  (v^/wq  cos  <5  } » 
constant  for  the  particular  track  used.  Also  note  that  within 
limits  planes  of  different  masses  may  be  accommodated  if  as  K 
and  V£  vary  & and  wq  are  adjusted  so  that 


M oos  & * constant 


Jjt 

COS  a 


constant 


This  requires,  of  course,  that  the  track  be  designed  eo  that  it 
takes  the  lightest  plane  with  the  minimum  angle  & . Then  for 
heavier  planes  the  angle  £ is  increased,  and  if  the  terminal 
velocity  v+  is  also  larger  for  the  heavier  plane,  then  wq,  and 
consequently  the  pressure,  must  be  increased  by#a  large  amount 
to  oompenaata  for  both  the  larger  v*  and  the  smaller  cos S « 

The  bucket  height  must  not  be  less  than  b tan  $ « , where  £'  is 
the  angle  for  the  heaviest  plane  to  be  launched.  Obviously  a 
technique  such  as  this  can  accommodate  only  fairly  small 
variations  of  plane  weight,  say  up  to  10  per  cent,  and  is 
therefore  of  limited  importance. 

To  return  new  to  the  solution  of  equations  (17)  and  (18), 
define  two  new  symbols  ij,  and  r as 


*n  * 7n  * *0 


r - k/2 


(28) 


Integration  of  equations  (17)  and  (18)  by  series  expansions  leads 
to  the  following  series  for  vn  and  An;  these  series  oonvei'ge  for 
reasonable  values  of  jq , yR  and  r. 
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A typical  configuration,  Case  D similar  to  Case  3 (page  6(4.) 
of  the  idealised  treatment  of  Appendix  A,  has  been  partially 
considered.  Case  D represents  a hydrapuit  with  the  following 
specifications : 

Case  D:  M * 50,000  lbs.;  b ■ 2 feat;  H “ 100  j oos  5 - 0.98; 

average  a * lf'OOgj  v.  * 22?  ft/aec.  * 155  aphj 
w0  * 694.9  ft/aec.;  PQ  » 3255  pai;  k ■ 1*400 s 
Vq  *»  800  ou.ft.;  p = 62.5  lba/ou.ft. 

Prom  these  one  obtains  r « 0.70  and  yQ  * 2 Vq/M  * 2*00. 

Poi*  Case  D the  first  three  nozzle  areas  are  Hated  below, 
with  the  corresponding  values  previously  obtained  (Appendix  A; 
for  Case  B on  the  assumption  of  constant  pressure. 


Case  Aq  A^  A2 

D 0.1132  sq.ft.  0.1169  sq.ft.  0.1195  sq.ft. 

B 0.1114  0.1135  0.1149 


The  time  required  in  the  first  section  Is  0.1745  sec.,  compared 
to  0.1752  aec.  for  Case  B.  The  accelerations  at  the  beginning 
and  end  of  the  first  section  are  4*l6g  and  3«92g  respectively 
for  Case  D,  aa  compared  to  4>»09g  and  3.96g  for  Case  B.  The  total 
water  voluras  used  is  1?8.6  cu.ft.  in  Case  D,  viaereas  it  was 
162.2  ou.ft.  in  Case  B.  With  an  initial  pressure  of  3255  psi, 
the  final  pressure  is  2455  psi,  and  the  calculated  over-all 
efficiency  is  5l«4  per  cent.  This  efficiency  is  to  be  compared 
with  the  52.6  per  cent  for  Case  B. 

Beoaua*  of  decreasing  jet  velooity  with  increasing  expansion, 
the  nozzle  areas  must  Increase  more  rapidly  in  Case  D than  In 
Case  B.  For  Case  D the  calculated  area  of  the  final  jet,  Ajo,  Is 
0.2336  sq.ft.  This  corresponds  to  a circular  jet  6.54  inches  in 
diameter. 
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The  rosults  described  here  for  a particular  case  are 
representative  of  results  which  uould  be  obtained  for  other 
systems.  For  example , if  a smaller  value  of  Vq  were  chosen, 
then  the  calculated  Aj^  values  would  be  larger.  Conversely, 

Case  B represents  the  limiting  case  in  which  Vn  approaches 
infinity.  The  conclusions  about  relative  accelerations 
previously  reached  in  Appendix  A need  be  modified  only  slight ly 
for  Case  D.  The  "sawtaeth"  in  the  acceleration  versus  distance 
curve  are  somewhat  more  prominent  for  Case  D than  for  Case  B, 
but  thpy  are  still  quite  small.  The  adaptability  for  different 
loads  is  essentially  as  good  in  Case  D as  it  was  found  to  be  in 
Case  B. 

Some  improvement  could  be  attained  by  replacing  the  single 
accumulator  by  several  smaller  accumulators  arranged  to  operate 
successive  sets  of  Jets.  If  this  were  done,  an  analogous 
computation  would  have  to  be  made  for  each  set  of  jets  to 
determine  the  neoessary  areas. 

Finally,  in  case  such  calculations  as  these  should  become 
useful,  ei tiler  graphical  or  tabular  iuouns  may  bo  u.c d to 
decrease  the  labor  required.  For  example,  in  order  to  make 
these  calculations  the  right-hand  member  of  equation  (27)  has 
been  evaluated  to  nine  significant  figures  for  values  of  ^ 
from  0 to  Q.4.6  at  intervals  of  0.02,  with  y0  * 2 and  r ■ 0.7* 


PEND IX  C.  MINIMIZATION  OP 


The  total  weight  of  the  hydra.pult  (see  seoo'id  aquation  on 
page  39)  is  given  approximately  by  the  expression 
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in  which  L*  is  proportional  to  the  total  length  of  pipe  required. 
Two  cases  arise.  A catapult  can  be  designed  for  a larger 
terminal  velocity  either  by  keeping  the  length  of  the  run 
fixed  and  increasing  the  aooele ration,  or  by  keeping  the 
acceleration  fixed  and  increasing  the  length  of  the  run.  A 
third  and  more  likely  way  of  increasing  the  terminal  relooity 
ia  to  increase  both  parameters,  but  this  case  would  be  covered 
by  consideration  of  the  two  more  specialised  cases.  If  the 
higier  terminal  velooity  ia  obtainad  by  keeping  the  length  of 
the  run  fixed  and  increasing  the  acceleration  L*  la  a constant; 
its  value  ia  0.026  for  a 200-foot  run  (see  34,  and  recall 

that  10  per  cent  has  been  added  for  contingencies).  If  the 
larger  terminal  velooity  ia  obtained  by  keeping  the  acceleration 
oonstant  and  increasing  the  length  of  the  run,  L'  becomes  a 
function  of  the  terminal  velocity  vtJ  in  the  particular  instance 
for  thioh  allowance  Is  mads  only  for  the  increased  weight  of 
pipe  necessary  (see  page  34*  smd  reoall  that  10  per  cent  has  , 
been  added  for  contingencies),  L*  may  be  taken  as  5*5  x 10“ • v^ 
The  two  values  mentioned  for  Lf  are  identical  for  a terminal 
velooity  of  227  ft/seo.  obtained  with  an  average  acceleration 
of  4*0g  and  a run  of  200  feet. 

Minimization  of  the  weight  expression  may  be  carried  out  In 
terms  of  1/  • Computations  for  either  special  case  may  then  be 
madee  The  independent  variables  are  taken  as  and  R.  The 
terminal  velocity  Vt  if  considered  a parameter.  The  weight 
expression  may  be  rewritten  in  the  form 
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A 

F.  (R)  * + B 

R « 1 

„ Tt 

0 ’ TTT 

C (R*  - 1) 

r?  vn./  - 

<K  “ 0.714 

(3) 

0.036 

137 
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When  0 la  differentiated  partially  with  regard  to  P^  and  R 
respectively,  one  obtains  (omitting  the  designation  of  arguments 
in  the  f unctions  P^,  P2j  P^1  And  Pg'  ) s 
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To  obtain  the  values  of  F-,  and  R which  minimize  the  weight  these 
derivatives  are  each  set  equal  to  zero  and  the  resulting  two 
equations  solved  for  P^  and  R,  Analytically,  this  procedure 
insures  only  that  the  conditions  represent  a maximum  or  a 
miniinura.  They  aotually  represent  a minimum  in  this  case. 


When  the  quantity 
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is  eliminated  from  equations  (4)  and  (5)#  the  following  simple 
relation  is  obtained. 
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Thia  relation  defines  the  value  of  R which  gives  & minimum  v&lus 
of  the  might*  When  the  value  of  R ia  determined,  then  the 
corresponding  minimising  value  of  P^  can  be  determined  from 
either*  cf  the  original  equations  in  the  form  of ^_a  transcendental 
relation*  If  one  defines  the  quantity  x * Pg/VPi*  ao  that 
* ?2‘u/x^»  the  relation  beoomes 


In  (1 


1 

2 PX  Fj2 
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This  equation  can  be  solved  for  xt  and  honoe  for  P, , when  R is 
known* 


Consider  the  first  special  case,  that  in  which,  any  change 
in  design  terminal  velocity  is  accomplished  by  keeping  the 
aoce lore ted  run  constant  and  changing  the  acceleration*  In 
this  case  L1  is  constant  and  equal  to  0.028*  Hence  equation  (6) 
bo  corns  s 
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Ho  to  that  here  there  is  no  dependence  on  terminal  velocity  v^.*  When 
nu-Terioal  values  are  inserted,  one  finds  that 

(9) 

1*75  R1*929  - 5*80  r1*21^  + 2.50  r0#7:u*  + a. 55  R0#^°°  - l.oo  * o . 


The  solution  of  this  equation  is  R * 2.123,  a constant  for  all 
values  of  Since  R is  a constant,  F,  and  are  also 

constant*  They  have  the  values  F^  *»  0.£/G103  and  F^v^  b 0*107* 

It  is  convenient  to  express  ana  in  terms  of  &e  parameter  x. 
If  this  is  done, 

/ 4*20  x 1 x'- 

vt  » v “ TT — — — ft/seo.  (10) 
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CONFIDENT! A6ECUR1TY  INFORMATION 


Restricting  attention  to  a range  of  acceleration  from 
approximately  Ig  to  lOg,  for  & 200- foot  run  (for  which  R * 2*123) 
one  obtains  the  results  given  In  the  following  table* 


f 


S 


X 

v* 

V 

•/e 

0.30 

108  ft/seo. 

1460  psi 

0,91 

0.35 

132 

1620 

1.35 

c.40 

160 

1820 

1.99 

Q.U5 

194 

2100 

2.92 

0.50 

23? 

2510 

4.29 

0.55 

291 

3160 

6.57 

0.60 

373 

4370 

10.8 

The  manner  of  variation  of  R and  of  P^  with  v*  is  shown 
graphically  by  tho  full-line  curves  on  page  41  • 

How  consider  the  second  special  case,  that  in  which  any 
change  in  design  terminal  velocity  la  accomplished  by  keeping 
the  acceleration  constant  and  changing  the  length  of  the  run* 
In  the  particular  Instance  for  whloh  allowance  is  made  only 
for  the  inore&sed  weight  of  pipe  necessary,  L*  may  be  taken 
as  5* 5 x 10”  • v*.2*  in  this  case  it  is  found  that  R as  defined 
by  equation  (6)  is  a function  of  v*.  In  order  to  calculate 
corresponding  values  of  R and  v*,  however,  it  is  more 
convenient  to  solve  equation  (6)  for  vt  for  selected  values 
of  R,  and  then  to  calculate  In  a manner  analogous  to  that 
used  in  the  first  case*  Solved  for  v^.2f  equation  (6)  beoomea 
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0.036 


-1] 


/B—e*. 


IT  ♦ s R 


- 


5.5  x 'jC  - ljj/7  _ 1! 


I? 


a 4 b-*k 

R - fe  R ♦ 1 


- 0.062 


(12) 


1 [r  0.036  " [-0.200  R1,21]|  + 1*700  R0s500  - 1.500, 

5.5  X 10-7^0.714  . 0*700  p1  • 2!4  . 1,700  r0®^00  + 1.000! 

I 

0.062  . (13) 


Using  this  equation,  values  of  v*  can  be  calculated  for  soleoted 
values  of  R«  The  results  are  then  used  to  oaloulate 


1 | 0*036 
137  | R0.'7li  . x 


* 0.062  ♦ 5.5  x 10"7 
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SECURITY  INFORMATION 
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,t  j B1-21J*  - l] 

'2  ’ 19.7;  r0.714 . 1 1 * 


ISwae  define  x ax  follows  by  equation  (7). 

- i -— ~ In  (1  - x)  ♦ *|  = - — 
x*  [_  * *)  2 Fi  F. 


Having  the  value  of  x,  la  than  given  by 


'i"3r  • 


Restricting  attention  to  approximately  the  same  tan£ 
terminal  velocities  as  considered  in  the  first  case,  cor- 
ing to  aooalerated  runs  a up  to  about  500  feet  at  a acis 
acceleration  of  4*°S»  one  obtains  the  results  given  in  t 
following  tables 


2.30 

2.25 

2.20 

2.15 

2.10 

2.00 

1.90 


103  ft/sao. 

141 

176 

209 

% 

371 


0.271 

0.350 

°otd 

0.509 

0.57k 

0.622 


1740  psi 
1910 
2120 
2310 
2530 
3040 
3770 


'Bio  manner  of  variation  of  R and  pi  with  v.  is  shown 
by  the  broken- line  curves  on  page  41*  5 
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